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Abstract 

With rising energy costs and a continuous growth in resource demand, transition metal catalysis 

is still one of the critical features in industrial chemical processes. With the help of transition 

metal complexes, the activation energy barrier of specific reactions can be reduced, leading to 

an overall reduction of material cost and waste. Nevertheless, these compounds entail 

disadvantages, as metals like palladium, nickel, or platin are often toxic, scarce, and expensive.  

Research in the last few decades has focused on developing new alternative catalysis 

approaches to exchange transition metals through sustainable and more environmentally 

friendly alternatives. One of these approaches is based on using abundant and less toxic main 

group elements, such as, e.g., silicon, the second most abundant element in earth’s crust, found 

in multiple mineral sources. This resulted in the exploration of the synthesis of low-valent and 

low-oxidation state main group compounds such as tetrylenes and group 14 multiple bonds, 

whose electronic properties resemble that of transition metal species. Despite massive 

advances, implementing main-group compounds in catalytic processes is still a field in its 

infancy. Especially the reactivity of tetrylenes and multiple bonds with small molecules such as 

CO2, CO, N2O, and H2 is influenced by factors such as the electronic and steric properties of 

the substituents on the main group elements, which can lead to the formation of unprecedented 

products. For this reason, this work focuses on these influences to gain further insight into the 

properties and possibilities of heavy main-group chemistry, especially regarding the use of silyl 

ligands.  

By sterically enlarging the silyl group of a previously reported silepin, we were able to show 

the influence of its steric demand on the equilibrium between the silepin and its isomeric 

silylene. Compared to the previously reported compound, the larger silyl substituent shifts the 

equilibrium towards the silylene, making both species spectroscopically observable by NMR 

and UV-Vis simultaneously. We were able to show that according to the laws of Le Chatelier, 

the equilibrium can be shifted by altering the temperature. The reactivity towards small 

molecules was investigated. While for ethylene, hydrogen gas, and CO2, typical tetrylene 

reactivity was observed, a reaction with two equivalents of N2O was observed due to 

rearrangement of a TMS group of the bulky silyl substituent presumably due to its steric strain.  

Interested in the influence of silyl substituents in the absence of other ligands, we investigated 

the reactivity of bis-silyl substituted silylenes and tetra-silyl substituted disilenes. As previously 

the rare activation of carbon monoxide by a bis-silyl silylene has been reported, we focused on 
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the reactivity towards isoelectronic isonitriles. Regarding silylene reactivity, we were able to 

isolate an adamantyl isonitrile silylene complex, which, according to IR, showed significant 

back donation from the central silicon atom to the isonitrile carbon. By reacting a tetra-silyl 

substituted disilene with adamantyl isocyanide, a cyano silane could be isolated by splitting the 

disilene into two silylene fragments. This reactivity has previously not been reported for other 

stable disilenes. 

Lastly, we synthesized the germanium and tin dichloride adducts of a diazoolefin, a new ligand 

class that could be successfully synthesized in 2021. By reacting the germanium adduct with 

hypersilanide and its derivates as reducing agents, we could isolate a cyclic bis-vinyl 

germylene, which shows aromatic character according to DFT calculations (NICS).  
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Zusammenfassung 

Aufgrund steigender Energiekosten und der kontinuierlich zunehmenden Nachfrage nach 

Ressourcen, ist der Einsatz von Übergangsmetallkatalyse in industriell großchemischen 

Prozessen weiterhin essentiell. Dank Übergangsmetallkomplexen kann die Aktivierungsenergie 

bestimmter Reaktionen gesenkt werden, was insgesamt zu einem effizienteren Einsatz von 

Ressourcen führt. Dennoch weisen diese Verbindungen Nachteile auf, da Metalle wie 

Palladium, Nickel oder Platin häufig toxische Eigenschaften aufweisen und zudem selten und 

teuer sind.  

Die Forschung der letzten Jahre fokussierte sich daher auf die Entwicklung neuer alternativer 

Katalysatoren, um Übergangsmetalle durch nachhaltige und umweltschonende Alternativen 

ersetzen zu können. Ein Ansatz basiert auf dem Einsatz von häufiger vorkommenden und 

weniger toxischen Hauptgruppenelementen wie z.B. Silizium, dem zweithäufigsten Element 

der Erdkruste, welches in verschiedenen Erzen vorkommt. Dadurch kam es zur Entwicklung 

der Synthese von niedervalenten Hauptgruppenverbindungen wie Tetrylenen und 

Mehrfachbindungen der Gruppe 14, deren elektronische Eigenschaften denen von 

Übergangsmetallverbindungen ähneln. Trotz weitreichender Fortschritte steckt der katalytische 

Einsatz von Hauptgruppenverbindungen immer noch in seiner Anfangsphase. Besonders die 

Reaktivität von Tetrylenen und schweren Mehrfachbindungen mit kleinen Molekülen wie CO2, 

CO, N2O und H2 wird durch Faktoren wie die sterischen und elektronischen Eigenschaften der 

Substituenten am zentralen Hauptgruppenelement beeinflusst. Dies kann zur Bildung 

beispielloser, neuer Produkte führen. Aus diesem Grund fokussiert sich diese Arbeit auf diese 

Einflussfaktoren um mehr Einblick in die Eigenschaften und Möglichkeiten schwerer 

Hauptgruppenverbindungen zu erhalten, besonders im Bezug auf Silylliganden.  

Durch Erhöhung des sterischen Anspruchs des Silylliganden eines zuvor publizierten Silepins, 

konnten wir den Einfluss der Sterik des Substituenten auf das chemische Gleichgewicht 

zwischen Silepin und dessen isomeren Silylen nachweisen. Im Vergleich zur bereits bekannten 

Verbindung führt der sterisch anspruchsvollere Silylligand zu einer Verschiebung des 

Gelichgewichts zugunsten des Silylenes, was eine parallele Nachweisbarkeit beider 

Verbindungen mittels NMR und UV-Vis Spektroskopie zur Folge hat. Wir konnten zeigen, dass 

nach den Regeln von Le Chatelier das Gleichgewicht durch Veränderung der Temperatur 

beeinflusst werden kann. Die Reaktivität der neuen Verbindung gegenüber kleinen Molekülen 

wurde untersucht. Während gegenüber Ethylen, Wasserstoffgas und Kohlenstoffdioxid typische 

Tetrylenreaktivität beobachtet werden konnte, konnte mit N2O eine Reaktion mit zwei 
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Äquivalenten des Gases beobachtet werden, bedingt durch die Umlagerung einer TMS Gruppe 

des sterisch anspruchsvollen Silylliganden.  

Weiterhin wurde in dieser Arbeit die Reaktivität von bis-silyl substituierten Silylenen und tetra-

silyl substituierten Disilenen untersucht. Da zuvor die seltene Reaktivität eines bis-silyl 

Silylenes mit Kohlenstoffmonoxid gezeigt werden konnte, liegt hier der Fokus insbesondere 

auf der Reaktivität gegenüber den isoelektronischen Isonitrilen. Bezüglich der 

Silylenreaktivität, konnte ein Silylen-Isonitril Komplex isoliert werden, welcher ausgehend von 

IR-spektroskopischen Daten Rückbindung vom zentralen Siliziumatom zum Isonitril-

Kohlenstoff zeigt. Bei der Reaktion eines tetra-silyl substituierten Disilens mit Adamantyl-

isocyanid konnte als Produkt ein Cyanosilan isoliert werden, welches durch Spaltung des 

Disilens in zwei Silylenfragmente entsteht. Diese Reaktivität konnte bisher bei anderen stabilen 

Disilenen nicht beobachtet werden.  

Zuletzt wurde das Diazoolefin-Addukt, eine neue Ligandenklasse die 2021 isoliert wurde, von 

Germanium- und Zinndichlorid synthetisiert. Durch die Reaktion des Germaniumaddukts mit 

Hypersilanid und dessen Derivaten konnte ein zyklisches bis-vinyl Germylen isoliert werden, 

welches nach DFT-Berechnungen (NICS) aromatische Eigenschaften besitzt.  
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Abbreviations 

Ad  adamantyl 

Bn  benzyl 

CGMT Carter-Goddard-Malrieu-Trinquier   

DFT  density functional theory 

Dipp  di-iso-propyl phenyl 

DME  Dimethoxyethane  

Et2O  Diethylether 
FMes  fluoro mesityl 

Hex  hexyl 

HOMO highest occupied molecular orbital   

IPr  Dipp-substituted N-heterocyclic carbene 
iPr  iso-propyl 

IR  Infrared 

ItBuN  Dipp-substituted N-heterocyclic imine 

KC8  potassium graphite 

KOtBu Potassium tert-butoxide 

LUMO  lowest unoccupied molecular orbital   

MeOH  methanol 

Mes  mesityl 

mNHC mesoionic N-heterocyclic carbene 

NBO  Natural bond orbital 

NHC  N-Heterocyclic carbene    

NHI  N-heterocyclic imine  

NHO  N-heterocyclic olefin 

NICS  Nucleus-independent chemical shift 

NMR  Nuclear magnetic resonance 

SC-XRD Single crystal X-ray diffraction 
tBu  tert-butyl 

THF  Tetrahydrofuran 

TMS  trimethylsilyl 

Tripp  tri-iso-propyl phenyl 

VT  Variable temperature 

WBI  Wiberg bond indice 

XRD  X-ray diffraction 

9-BBN  9-borabicyclo[3.3.1]nonan 
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1. Introduction 

“Catalysis is the acceleration of a slow chemical process by the presence of a foreign 

material”[1] 

With this sentence, Nobel laureate Wilhelm Ostwald described the principal concept of catalysis 

in 1894. While not fully understood back then, now we know that in a simplified catalytic 

process, the “foreign material” – a catalyst [Cat] – reduces the activation energy barrier of 

specific reactions (Figure 1a) by forming an intermediate [Cat]-[Sub1] with a substrate via 

oxidative addition. Upon formation of the final product [Sub1]-[Sub2] with another substrate 

[Sub2], the initial catalyst [Cat] is restored by reductive elimination and can induce a new 

catalytic cycle (Figure 1b)[2,3].  

  

Figure 1: a) Principal energy barrier diagram of uncatalyzed (black) vs. catalyzed (red) reactions; b) 

Basic concept of a catalytic cycle. 

Catalysts in a large variety of structures are known, reaching from macromolecular compounds 

such as enzymes catalyzing particular reactions in biochemical processes[4], over impregnated 

amorphous materials with high porosity like metal oxides on zeolites[5], to thoroughly designed 

molecules like the Grubbs catalysts, which are used for olefin metathesis reactions[6]. In general, 

catalytic processes can be differentiated between homogeneous and heterogeneous. In the 

former case, the catalyst is in the same phase as substrates and product, e.g., in the Monsanto 

a)

) 
b) 
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process where a rhodium catalyst is used to synthesize acetic acid from methanol and carbon 

monoxide[7], the latter uses a solid catalyst while reactants are present in the liquid or gas phase. 

A prominent example of heterogeneous catalysis is the Haber-Bosch process, where an iron 

catalyst is used to synthesize ammonia from hydrogen and nitrogen gas[3,8].  

A similarity of most important catalytic processes is the usage of transition metals like copper[9], 

platinum[10], nickel[11], or palladium[12]. As these elements are stable in multiple oxidation states 

and their electronic structure consists of partially filled d-orbitals, they can perform oxidative 

addition reactions and, reversibly, reductive elimination reactions (therefore possessing variable 

coordination numbers), making them the ideal candidates for forming temporary intermediates. 

Ligands on the metal framework are tunable in a large diversity of steric and electronic 

properties, leading to remarkable controllability in (stereo)selectivity and kinetic capabilities of 

the catalyst[13]. A significant drawback of transition metals is their price and often limited 

availability, together with their toxicity[14]. Despite recent efforts to find efficient recycling 

possibilities for transition metals, the demand for most metals is growing, not only in catalysis 

but also in other fields like battery/energy production or general usage as pure metals or 

alloys[15]. 

Catalysis is crucial in many modern industrial chemical processes to reduce energy and material 

costs or waste. Without catalysts, higher reaction temperatures and/or pressure are necessary to 

overcome the activation energy barrier, often accompanied by the formation of side products, 

thus reducing the yield of the desired product – if the latter's formation is even possible without 

a catalyst. Especially nowadays, facing climate change and rising costs for energy and water, 

the development of new catalytic processes is pivotal for an environmentally sustainable and 

climate-friendly future for the chemical industry[16]. An approach that has been investigated 

progressively in recent years is the exchange of transition metal (group 3 – 12 in the periodic 

table) catalysts through compounds with main group elements (group 1 –  2 and 13 – 18 of the 

periodic table) as the central atom. In comparison, those elements are more abundant. E.g., 

silicon, which is found in group 14 of the periodic table, is the second most abundant element 

in Earth’s crust (28.2 %) after oxygen (~46.1 %), making it the most abundant (semi)metal on 

our planet, directly followed by aluminum (8.23 %), a group 13 metal. The broad distribution 

of these elements compared to transition metals like palladium (1.5 · 10-6%) or even copper 

(0.006%) makes them easily accessible in larger quantities[17]. Due to their lack of (empty) d-

orbitals with only (partially) available s- and p-orbitals, the typical electronic properties of main 

group elements differ vastly from transition metals. Especially light elements prefer one 
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oxidation state as high energy barriers are common between unoccupied and occupied orbitals, 

making oxidative addition or reductive elimination unlikely. Despite this, in the last few 

decades, considerable advances in the field of main group chemistry led to the development of 

low-valent or low-coordinate compounds that exhibit comparable behavior as transition metals. 

On an electronic level, they often possess low-energy, unoccupied orbitals (LUMOs) and high-

energy occupied orbitals (HOMOs), leaving a small energy gap ideal for bond activation or 

coordination, the typical initial step of a catalytic cycle[18]. The comparability is shown in Figure 

2 using the example of carbon monoxide coordination. Both species, a transition metal (M) 

complex as well as a low-valent main group (E) compound, show donation from CO to unfilled 

orbitals (empty d-orbital or empty LUMO) as well as back donation (filled d-orbital, filled 

HOMO) into the π*-orbital of CO[19]. Despite these advances in using main group compounds 

to mimic transition metals, continuous research is still required to reach their capabilities in 

catalysis to provide sustainable main group substitutes, especially for industrial purposes[20]. 

 

 

 

 

 

Figure 2: Frontier bonding orbital interaction of transition metal (M) complexes (left) and low-valent 

main group compounds (right) with carbon monoxide. 
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2. Multiple bonds of heavier main group elements 

The “double bond rule” is a chemical concept widely accepted in chemistry until the 1980s. 

The rule states that multiple bonds between heavier p-block elements (starting from period 3) 

usually don’t form due to the poor orbital overlap and hybridization tendency of larger atoms 

and tend to undergo oligomerization reactions[21]. However, this theory was disproven by West 

in 1981 with the synthesis of the first stable Si=Si double bond[22]. Additionally, Lappert already 

reported the crystal structure of a Sn=Sn double bond in 1976, providing a milestone in main 

group chemistry[23]. Since then, most homonuclear multiple bonds could be synthesized for 

heavy main group elements from groups 13 – 15. These low-coordinate main group species are 

usually labile and require sufficient electronic and steric stabilization to prevent oligomerization 

and other decomposition reactions. Their inherent reactive nature, however, sparks interest in 

research as main group multiple bonds often readily react with small molecules such as H2, 

CO2, or ethylene in a manner comparable to transition metals, as shown in Figure 3[24,25]. 

Figure 3: Frontier orbitals of coordination of dihydrogen to transition metals (M, left) and to main-

group multiple bonds (E=E, right).  

2.1   Electronic structure of heavy multiple bonds 

As stated in the section above, the tendency of hybridization decreases going down the periodic 

table due to poor orbital overlap. For this reason, heavier main group multiple bonds usually 

can’t be described through classic spx (x =1, 2) hybridization comparable to carbon-carbon 

bonds in alkenes and alkynes and, in consequence, also don’t show the standard planar and 

linear geometries of double and triple bonds of light elements[26].  

A method to describe and predict the structure/geometry of heavy multiple bonds has been 

established by Carter, Goddard, Malrieu, and Trinquier (CGMT)[27,28]. According to their 

model, a (group 14) double bond can be described as two dative bonds between two tetrylene 

fragments R2E: (E = Si, Ge, Sn, Pb), compounds containing an electron lone pair. For tetrylenes, 

two different electronic structures are possible. A singlet state in which both electrons are paired 

and can be found in the same orbital together with an additional empty (p-) orbital, or a triplet 

state in which the electrons occupy two different orbitals and show parallel spin. Which of both 
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states is favored depends on the substituents on the central atom and the central atom itself. The 

heavier the element, the more significant the energy difference between the singlet and triplet 

states and the more dominant the singlet state of a tetrylene. According to Carter and Goddard 

the total bond energy EDB of a double bond is given with  𝐸𝐷𝐵 = 𝐸𝐼𝑁𝑇 − ∑𝛥𝐸𝑆−𝑇 with ΔES-T 

as the respective singlet-triplet-gap energies and EINT as the intrinsic bond energy[27]. Malrieu 

and Trinquier extended this to predict the geometry of a double bond. To obtain the typical 

planar species ∑∆𝐸𝑆−𝑇 <
1

2
𝐸𝜎+𝜋 must be given, meaning that if the energy gap between triplet 

and singlet ΔES-T with a preferred singlet state exceeds half of the energy gain by formation of 

a σ- and π-bond Eσ+π a non-classical double bond is formed. The double bond will adapt a trans-

bent geometry with a calculated ideal out-of-plane angle of 45°. The latter derives from the 

theoretical combination of two triplet tetrylenes to provide optimal orbital overlap, as disclosed 

in Figure 4. In contrast, combining two singlet tetrylenes will give a (near) planar structure, as 

observed in classic π-bonds[25,28,29].  

 

Figure 4: a) non-classical double bond (left) consisting of two dative bonds. Classical double 

bond (right) formed by two triplet tetrylene fragments; b) Bond trend in tetrylynes with 

increasing element size. 

According to the CGMT model in general the formation of a double bond is only possible if 

∑∆𝐸𝑆−𝑇 < 𝐸𝜎+𝜋 is given. This means a very stable singlet tetrylene with a large singlet-triplet 

gap will prefer its monomeric form instead of forming a multiple bond[29]. This is in line with 

the increasing stability of the singlet state among heavier elements. For example, group 14 

compounds with the oxidation state +II are common and stable for tin and lead, such as PbCl2 

and SnCl2. In contrast, germanium compounds require little additional stabilization through 

(weak) donors such as dioxane·GeCl2
[30]. To stabilize silicon, strong donors such as N-

heterocyclic carbenes (NHCs) are necessary to stabilize compounds such as IPr SiCl2 and 

prevent oligomerization to more stable Si(IV) compounds[31]. Especially multiple bonded lead 

species are rarely found and exhibit highly trans-bent structures with long bond lengths between 

Pb atoms in contrast to the typical bond length reduction observed for lighter elements. Table 1 
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summarizes the bond lengths of regular group 14 E-E single bonds compared to the bond length 

range of literature known double bonds[24,32,33]. The effect discussed above is even more 

prominent regarding heavy alkyne equivalents. The heavier the element, the further the bond 

angle is derived from a linear structure observed for alkynes to an up to 90° bent structure for 

plumbynes. Regarding the orbitals of these compounds, this conforms to two non-overlapping 

electron pairs of a di-plumylene, so two plumbylenes are connected by a Pb-Pb single bond, as 

described in Figure 4b[34]. Calculations also showed that the observance of increased bending in 

heavier multiple bonds can be explained by mixing σ and π orbitals, resulting in the formation 

of distorted orbitals according to the second-order Jahn-Teller effect[25,34,35].   

 

Table 1: Range of literature known homonuclear group 14 double bonds in comparison to single 

bonds[24,32,33]. 

In general, structure and bond strength also heavily depend on the substituents on the double 

bond. Electronegative substituents with π-donating capabilities will stabilize the singlet ground 

state of tetrylenes, enabling the dissociation of a potential double bond. On the other hand, 

electropositive, π-accepting substituents will destabilize the singlet state of tetrylenes, 

enhancing the formation of double bonds. Sterically demanding substituents are necessary to 

prevent unintended oligomerization reactions but also destabilize and elongate the double bond 

and will furthermore result in twisting of the substituents along the E=E bond to reduce steric 

repulsion[32]. In conclusion, a successful synthesis of heavy main group multiple bonds requires 

a well-considered choice of substituent to find the best possible stabilization and enhance the 

strength of a double or triple bond[36,37]. 

2.2   Heavier group 14 homonuclear multiple bonds 

While West’s disilene[22] is usually mentioned in literature as the first heavy main group double 

bond system, the first group 14 multiple bonds had already been synthesized in 1976 by 

Lappert. They were able to synthesize the tetra-alkyl distannene (R2Sn=SnR2) [1] (see Figure 

5) and could provide crystallographic evidence for this structure[23]. In 1984, three years after 

West’s report on the synthesis of the tetramesityl disilene (R2Si=SiR2) [2], Lappert was also able 

to provide the crystal structure of the tetraalkyl germanium derivate (R2Ge=GeR2) [3][38]. The 

reason for the ignorance regarding the earlier discovery of the alkene derivative of tin is its 
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behavior in solution. Due to the weak tin-tin bond interaction of compound [1], it splits into 

two stannylenes (R2Sn:) and reacts as such, comparable to other already known compounds. 

For the reasons stated in chapter 2.1 (vide infra), lead multiple bonds are even more unstable; 

for this reason, the discovery of diplumbenes (R2Pb=PbR2) took an additional 14 years until 

1998, when the silyl substituted compound [4] could be successfully isolated. It shows similar 

behavior to compound [1] and will dissociate in solution to the respective plumbylenes 

(R2Pb:)[39]. An important example is the Sn=Sn double bond [Sn(SitBu2Me)2]2 reported by 

Sekiguchi in 2006, with a relatively short bond length of only 2.67 Å and a planar structure. In 

contrast to other distannenes, this compound does not dissociate in solution[40].  

 
Figure 5: Timeline of the discovery of homonuclear group 14 multiple bonds. 

Using sterically demanding substituents is one of the critical points to prevent oligomerization 

or isomerization reactions through kinetic stabilization of heavier main group multiple bonds. 

It is a common feature of most comparable compounds that have been published. This concept 

allowed the Power group to isolate the first examples of group 14 triple bonds, starting with the 

discovery of a lead triple bond [5] (diplumbyne, RPb≡PbR) in 2000[41]. This discovery was 

followed by the synthesis of a distannyne[42] [6] and digermyne[43] [7] in 2002, which feature 

slightly altered, sterically demanding terphenyl groups. Within the same year, Wiberg provided 

the first experimental evidence for the formation of a disilyne [Si(Si(SitBu3)Me2)2]2 but could 

not give a complete characterization[44]. The first fully characterized Si-Si triple bond 

(disilyne)[45] [8], including XRD analysis, was reported in 2004 by the group of Sekiguchi using 

bulky silyl groups to stabilize the labile bond, filling the final gap of the isolation of all heavy 

derivates of alkenes and alkynes (see Figure 5). Apart from silyl-substituted disilynes, the first 

aryl-substituted disilyne [Si(2,4,6-CH(SiMe3)2-C6H2)]2 has been reported by Tokitoh in 2010[46] 

and the first alkyl-substituted disilyne [Si(C(TMS)2CH2
tBu)]2 by Iwamoto in 2013[47]. 
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Synthesis 

Since their discovery, a plethora of homonuclear multiple bonds have been reported. Despite 

the structural diversity of substituents on the metal centers, group 14 double and triple bond 

synthesis is limited to a few reaction pathways. A summary of the most common synthesis 

methods is shown in Scheme 1. The most common path for synthesizing digermenes, 

distannenes, and diplumbenes is represented by equation A. It takes advantage of the enhanced 

stability of heavier group 14 elements (Ge to Pb) with oxidation state +II. Especially using X = 

Cl, Br, representing readily available precursors, offers ideal reaction conditions. By reacting 

EX2 with organo-lithium salts[48,49] or Grignard reagents[38,50] in a salt metathesis reaction, 

lithium or magnesium salts are eliminated, and the respective (halide) tetrylenes are formed, 

which – dependent on the chosen substituent R – can dimerize to form E=E double bond. Apart 

from group 14 dihalides, Lappert’s tetrylenes (E = Ge, Sn; X = N(TMS)2) are commonly used 

as synthesis substrates, taking HMDS as a leaving group[23,38,51]. Additionally, mixing two 

tetrylenes :ER2 and :ER’2 containing different substituents can lead to ligand exchange reactions 

between both species. This leads to the formation of tetrylenes (:ERR’) with new ligand 

combinations that can dimerize to form a double bond with the general structure 

[ERR’]2
[36,39,49,52,53]. Method B involves the photolytic cleavage of cyclotrisilanes, 

cyclotrigermanes, and cyclotristannanes[53,54].  

Scheme 1: Most common reported synthesis routes of group 14 double bonds. 
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The preference for oxidation state +IV instead of +II of lighter elements (C, Si) leads to the 

necessity of focusing on different synthesis pathways, especially regarding disilenes. In contrast 

to Ge, Sn, and Pb, only scarce Si(II) precursors are synthetically accessible, which is why 

disilenes have primarily been reported by pathway C, reducing the respective Si(IV) precursors 

(silicon tri- or dihalides) with reducing agents such as KC8, silanides, or lithium 

naphthalenide[55,56,57]. Two further routes have been established to synthesize disilenes. 

Especially early examples relied on the synthesis via the irradiation of bis-trimethylsilyl silanes 

(method D). Herein, via the abstraction of hexamethyldisilane, the respective disilene is 

formed[22,58]. Method E is among the less common synthesis routes for Si=Si double bonds and 

involves the reduction of 1,2-dihalide disilanes (X = Cl, Br)[59]. The last synthesis route (F) 

mentioned herein is the 1,2-(cyclo)addition reaction of tetrylynes. As various substrates with 

different functional groups can perform this reaction (aldehydes, acids, halides, etc.), method F 

offers a synthetic tool for isolating functionalized dimetallenes[60]. 

Most reported synthesis routes of homonuclear triple bonds follow a similar strategy, which 

involves reducing group 14 halides with reducing agents such as alkali metal naphtalenide or 

KC8. The syntheses are summarized in Scheme 2. Method A and B have only been reported for 

the synthesis of silynes. While for path A, a silicon trihalide is reduced by three equivalents of 

a reducing agent followed by the dimerization to the respective disilyne[61], route B functions 

via the reduction of a disilane with two halide substituents on each silicon atom, therefore 

already including a preformed Si-Si bond[45,47,62]. Method C has been reported for the synthesis 

Scheme 2: Reported synthesis routes of homonuclear group 14 triple bonds. 
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of disilynes as well as digermynes. Herein, a homonuclear group 14 double bond with a halide 

substituent on both central atoms is further reduced to the respective triple bond by abstraction 

of the halides[46,48,63]. Pathway D represents the most frequent synthesis route of germanium, tin, 

and lead triple bonds. Herein, a tetrylene halide is reduced with one equivalent of a reducing 

agent, and upon dimerization, a (formal) triple bond is formed[41–43,64]. 

Reactivity 

Among heavy group 14 multiple bonds, Si-Si double and triple bonds show the highest classic 

π-bond character and bond strength paired with small π-π* orbital energy gaps (HOMO-LUMO 

gap). For this reason, their reactivity has been explored extensively in recent years. Especially 

their ability to react with a broad range of small molecules draws attention due to the 

resemblance of transition metal complexes. The most common reaction is a 1,2-(cyclo)addition, 

leading to the formation of two Si(IV) centers, therefore resembling an oxidative addition (Si(II) 

→ Si(IV))[24,65,66].  

 
Scheme 3: Reported reactivity of disilenes with dihydrogen. 

Of considerable interest are hydrogenation reactions with dihydrogen, which in industry heavily 

relies on transition metals (e.g. Ru, Ir, Rh) as catalysts[67]. Despite its inert nature, two examples 

of disilenes are known to react with hydrogen gas. The groups of Rieger and Inoue reported an 

anti-hydrogenation of the trans-bent and highly twisted imino disilenes [9a] and [9b] in a 

concerted mechanism leading to the formation of the 1,2-addition product [10a] and [10b]. This 

reaction strongly contrasts with the hydrogenation of olefins, which exclusively deliver the syn-

addition product and require harsh reaction conditions[68]. Additionally, the Iwamoto group 

reported dihydrogen's addition reaction to a push-pull disilene [11]. The reaction proceeds via 

the initial exchange/abstraction of 9-bora bicyclo [3.3.1] nonane (9-BBN) by dihydrogen, 
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followed by a second addition of the latter on the exocyclic silicon center forming the 

hydrogenated product [12] (see Scheme 3)[69]. 

 

Scheme 4: Concerted mechanism of the hydroamination reaction of imino disilene [9a]; b) Calculated 

(stepwise) mechanism for hydroamination reactions of disilenes. 

Different theoretical studies investigated the mechanistic influences of 1,2-addition reactions, 

especially regarding regiospecific and syn or anti-addition product formation (e.g., with H2O, 

MeOH, or HX)[70]. A reaction that shows the critical influence of the geometric aspects (trans-

bent, twisted, or (nearly) planar) of heavier double bonds is the oxidative addition of ammonia. 

The group of Inoue reported the activation of ammonia with the imino disilene [9a], resulting 

in the selective formation of the anti-addition product, comparable to the formation of the 

dehydrogenation product [10a]. DFT calculations revealed an energetically favored, concerted 

anti-transition state [13TS], including two equivalents of ammonia, leading to the sole formation 

of [13] (Scheme 4a)[71]. Baines and coworkers investigated the general influence of the 

geometric properties of disilenes on the stereospecificity of ammonia activation. Like previous 

studies, they focused on a stepwise pathway via substrate coordination to one silicon center, 

followed by intramolecular hydrogen transfer. Through initial complexation, either the anti or 

syn adduct is formed. While the latter will exclusively lead to the formation of the syn-addition 

product, the anti-complex will either proceed further via inversion of the negatively charged, 

pyramidalized silicon center, giving the syn-product, or via rotation among the central Si-Si 

bond, resulting in the formation of the anti-product (Scheme 4b). They conclude that the initial 

nucleophilic attack depends on the planarity of the disilene. A trans-bent geometry results in 
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the prioritization of the anti-adduct in contrast to a planar moiety, preferring the syn-adduct. 

Whether the reaction of the anti-adduct proceeds via rotation or inversion depends on the 

electronic and steric properties of the substituents and the twist angle of the initial disilene 

substrate[72]. 

Despite possessing the same structural motive, the reactivity of heavy group 14 double and 

triple bonds is variable due to the heavy influence of their substituents on their electronic and 

structural properties. This is especially true when looking at reported reactivities of ditetrylynes. 

These even more unstable compounds show mutable reactivities and often express multiple or 

unprecedented reaction outcomes. Figure 6 shows some examples of reactivities of group 14 

double and triple bonds with small molecules (alkenes[73], alkynes[40,73,74,75], CO2
[66,71,73], 

N2O[66,71,74,76] and O2
[56,71,73,74])[77]. Further reactivities are often similar to tetrylenes, as discussed 

in Chapter 3.2, due to bond dissociation. 

 

Figure 6: Common reported group 14 double and triple bond reactivities (E = Si, Ge, Sn). 

2.3   Group 14 heteronuclear multiple bonds  

E=C doubly-bonded compounds (heteronuclear group 14 double bonds) have been discovered 

simultaneously to homonuclear multiple bonds as the first room-temperature persistent, isolable 

example of a silene (R2Si=CR2) was published in 1981 by Brook[78]. Germenes (Ge=C doubly-

bonded compounds) and stannenes (compounds with Sn=C double bonds) have also been 

reported since then but are more scarce than their lighter congeners. So far, no plumbene 

(compounds with Pb=C double bond) has been reported, potentially due to the significant 

difference in electronegativity (highly polarized bond) and size, making potential double bonds 

prone to dimerization/oligomerization. Interest in these species derives from the polarity of the 
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heteronuclear bonds given by the apparent electronegativity differences of the distinguishable 

atoms in contrast to homonuclear double bonds. Due to the polarity, differences in reactivity 

were expected[79]. 

Calculations showed that the bond strength of heteronuclear group 14 double bonds, according 

to the CGMT model, is higher than that of heavy homonuclear bonds but lower than in 

respective olefins. ΔES-T of the carbene and tetrylene obtained by bond dissociation of the 

individual double bond can vary vastly depending on the substituents on carbon and tetrel 

center. For this reason, planar and bent structures (pyramidalized heavy atoms) of heteronuclear 

double bonds have been reported, following the rules of the CGMT model in Chapter 2.1. The 

E=C bond is polarized with a positive, partially charged E atom (E = Si, Ge, Sn) (δ+) and a 

partially negatively charged carbon atom (δ-), meaning electronegative substituents on the 

heavy atom and electropositive substituents on carbon will increase the polarity/ionicity of the 

bond resulting in a shorter bond length and a nearly planar geometry. Vice versa, electropositive 

substituents on Si, Ge, or Sn and electronegative substituents on C increase the covalent bond 

character, elongating the Si=C bond and leading to a bent structure[80]. Compared to olefinic 

bonds, heteronuclear group 14 bonds are more labile, whereas different side reactivities have 

been observed frequently, e.g., the dimerization to heavy cyclobutane derivatives[81] or 

(intramolecular) CH activation[82]. 

Synthesis of heteronuclear double bonds 

Comparable to their homonuclear congeners, different synthesis strategies have been 

established, and the most common are summarized in Scheme 5. 

 

Scheme 5: Common reported synthesis pathways of E=C double bonds (E = Si, Ge, Sn). 

Pathway A was the first reported synthesis for silenes and involved the photolytic reaction of 

(hyper)silyl (Si(TMS)3) substituted ketones. A TMS group, known for undergoing photolytic or 
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thermolytic rearrangement reactions, relocates from the silicon center to the oxygen atom of 

the ketone[78,83]. The reaction is presumably driven by the oxophilic character of silicon due to 

the high strength of the Si-O bond (in comparison: Si-Si: ~340 kJ/mol; Si-O: 400 - 500 

kJ/mol)[84]. Similar to pathway A, pathway B has only been reported for the synthesis of silenes 

and not for heavier analogs. This reaction is known as the silicon equivalent of the organic 

Peterson olefination reaction (sila-Peterson reaction) and proceeds via the nucleophilic attack 

of a lithium silanide on the nucleophilic carbon of a ketone. Comparable to pathway A, through 

the transfer of a silyl group (R’ = silyl) to the oxygen atom, lithium silanolate is eliminated 

under the formation of a silene. This reaction is again driven by the oxophilic character of 

silicon, and in some modifications, trimethylsilyl chloride is added to the reaction to eliminate 

disilyl ether instead of silanolate[85]. 

Method C synthesizes the respective double bonds using monofluorinated group 14 silicon, 

germanium, and tin compounds. A carbanion is formed as an intermediate via the abstraction 

of acidic hydrogen in α-position to the metal center E (E = Si, Ge, Sn) with an organolithium 

base (tBuLi). The lithium organyl will eliminate the fluorine in the β-position, ultimately 

forming the double bond[86,87–89]. The last reaction pathway, D, has only been reported for 

germanium and tin compounds and proceeds via dimerization of a tetrylene with a carbene[90]. 

 
Scheme 6: Sila-Wittig reaction reported by Inoue. 

A so far unique synthesis method for silicon carbon double bond has been reported by Inoue 

(Scheme 6). Herein a silanone, the silicon derivative of a ketone, a highly labile low-valent 

silicon compound, was treated with ylidic phosphorus compounds. This synthetic procedure, 

known as the Wittig reaction, has been only applied in classic organic chemistry for synthesizing 

olefinic compounds from ketones. Despite being limited to non-stabilized ylides due to the 

sensitivity of the silanone towards functional groups, this reactivity represents one of few 

examples where classic organic reactivities can be applied for heavier elements despite their 

different multiple bonding properties[91]. Other possible precursors for synthesizing group 14 
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carbon multiple bonds are carbon monoxide or isonitrile complexes, as these compounds 

already possess multiple bond character (vide infra).  

Reactivity 

Despite the initial expectations, heavy group 14 heteronuclear double bond reactivity is similar 

to their homonuclear derivatives in many aspects. Widespread are 1,2-addition reactions on the 

double bond with substrates like methanol, water, acids, halides, or sulfides[92][87,89,93,94]. Also, 

cycloaddition reactions are known for a variety of substrates (aldehydes, ketones, imines, 

amines, azides, nitriles)[88,92,94] partially forming up to six-membered ring systems (e.g., with α-

ethylenic aldehydes or ketones)[95]. Despite these commonalities with their homonuclear 

congeners, reactivities with small molecules of interest like CO2, O2, NH3, or H2, which are 

well explored for ditetrels, are not, or only rarely reported in the literature for heavy 

heteronuclear main-group double bonds. Furthermore, the bond strength of heteronuclear 

double bonds exceeds that of homonuclear derivatives (vide infra). Reactions containing 

complete bond cleavage (tetrylene reactivity) between the elements of the double bond are, 

therefore, scarce[96].  

2.4   Elusive group 14 multiple bonds 

Despite the massive advances in main group chemistry in the last few decades, not all plausible 

group multiple bond combinations could be isolated as persistent and room temperature stable 

compounds. Especially the synthesis of heteronuclear carbon triple bonds still faces numerous 

challenges. Just like their homonuclear congeners, they suffer from the necessity of extensive 

thermodynamic and kinetic stabilization through suitable, sterically demanding substituents to 

prevent rearrangement or oligomerization. A further obstacle is the polarization of the E≡C (E 

= Si, Ge, Sn, Pb) bond, which increases with the element's size[97].  

Scheme 7: Potential side reactivities of E≡C triple bonds (E = Si, Ge, Sn, Pb). 

Multiple calculations show that the optimized geometry of tetrylynes adapts a trans-bent 

structure following the CGMT model, and strengthening of the bond can be achieved using π-
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accepting, electropositive substituents. Despite being a local minimum on the potential energy 

surface, heteronuclear triple bonds are neither kinetically nor thermodynamically stable, 

especially with small substituents. Isomeric forms of triple bonds, in this case, vinylidene 

structures, often show higher stability, whereas spontaneous rearrangement of the triple bond 

can be expected (see Scheme 7 left). Another explored side reactivity is the dimerization to 

cyclobutadiene derivates (Scheme 7 right). According to calculations, both unintended 

reactivities can be prevented by using large substituents as they disfavor vinylidene and 

cyclobutadiene formation due to steric strain[98,99]. 

Silicon Carbon Triple Bonds 

 
Scheme 8: Low-temperature synthesis of a silyne reported by Kato and the consecutive rearrangement. 

The only examples of compounds with Si≡C triple bond (silyne) character have been published 

by Kato. In 2010, he reported the synthesis of a Lewis base stabilized silyne [16], with an amino 

substituent at the silicon atom and a phosphino ligand at the carbon atom. The formation 

proceeds via the reaction of a phosphino-stabilized chloro silylene [14] and a diazomethane 

deviate, forming the diazomethane substituted silylene [15]. By photolysis, N2 is abstracted, 

and silyne [16] is formed. Unfortunately, silyne [16] is unstable and rearranges above -30 °C to 

phosphaalkene [17][100]. An ionic, room-temperature stable derivate of the silyne [19] has been 

published in 2023 by the same group, which was formed by the reaction of a chloro silylene 

coordinated silylium ylidene [18] with a P, S bis-ylide under abstraction of diphenyl sulfide (see 

scheme 8)[101]. The Si≡C bond lengths of [16] (1.667 Å) and [19] (1.631 Å) are considerably 

short and in accordance with calculated values of Si≡C triple bond lengths. Compound [19] 

shows a cis-bent structure, while compound [16] is nearly linear at the carbon center, indicating 
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sp hybridization, and trans-bent at the silicon center. Both compounds are highly polarized due 

to the phosphine coordination. Due to the influence of this intramolecular Lewis base, [16] and 

[19] possess a cumulene-type mesomeric structure with P-C double bond character. 

Calculations and reactivities of silyne [19] also show a significant carbene-like character of the 

carbon center, along with relatively small Wiberg bond indices (WBIs) of 1.72 for [16] and 1.70 

for [19]. Despite various attempts so far, no two coordinate persistent Si≡C triple bonds have 

been reported, and the silynes reported by Kato remain the sole examples due to their unique 

ligand pattern[102]. 

Germanium carbon triple bonds and tin carbon triple bonds 

 
Scheme 9: First reported syntheses of transient germyne [21] and stannyne [24]. 

Due to increasing polarity and atom size differences in C≡Ge and C≡Sn triple bonds compared 

to C≡C and C≡Si bonds, literature examples of these compounds are even rarer. The first 

examples of these species in literature were only (proposed) intermediary structures (see 

Scheme 9). For both tetrylynes, only one synthesis route has been reported, which follows a 

strategy similar to the silyne synthesis reported by Kato and Baceiredo[100]. This involves the 

synthesis of tetrylenes substituted with diazomethane derivates ([20] and [23]) and their 

subsequent photolysis to the respective tetrylyne intermediates. In the case of germyne [21], a 

subsequent polymerization was observed, whereas its formation has been proven by the reaction 

of [21] with alcohols as trapping reagents, forming the double addition products [22a] and 

[22b][103]. In the case of stannyne [24], an isomerization was observed by insertion of the triply 

bonded carbon center into a CH bond of a CH3-group of the aryl substituent on the tin center, 

forming the heterocycle [25][104].  

Apart from compound [21], the group of Kato and Baceireido published a germanium 

equivalent of silyne [16] with a similar synthesis route, which comparably showed 
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isomerization above -30°C. According to DFT calculations, this compound, however, shows 

pronounced germylene-carbene character rather than multiple bond character between carbon 

and germanium[105]. Although calculations show that the tin equivalent of [16] should also be 

synthetically available and even stable under ambient conditions, it has not been isolated[99]. No 

syntheses for the heaviest group 14 element lead have been reported yet. However, it is 

predicted to show the same behavior as its lighter congeners and, therefore, should be stable 

with adequate substituents[106]. 
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3. Tetrylenes 

Figure 7: Differentiation and trends of singlet and triplet tetrylenes. 

Tetrylenes are low-valent group 14 compounds with oxidation state +II with the general 

structure R2E: (E = C, Si, Ge, Sn, Pb). As described in Chapter 2.1, they can adapt two different 

electronic states, a singlet or triplet ground state, with increasing stability of the singlet ground 

state with increasing size of the tetrel element. Due to the reduced orbital overlap of s and p 

orbitals in larger elements, the hybridization tendency is diminished, resulting in enhanced 

stability of low oxidation states (oxidation state +II of tetrels in particular). Therefore, the larger 

the element, the higher the s-character and lower the p-orbital character of the electron lone-

pair, reflecting the HOMO of the tetrylene. This effect is also known as the inert-pair effect, 

describing the inertness of the outermost s-orbital electrons to build bonds. The higher 

s-character of the HOMO also results in geometrical influences[32]. Tetrylenes of heavier 

elements typically possess a narrower R-E-R bond angle. This bond angle directly correlates to 

the HOMO-LUMO gap of the tetrylene. The larger the bond angle, the smaller the HOMO-

LUMO gap, meaning a large angle favors the stability of triplet tetrylenes as the promotion of 

an electron of the singlet-lone pair into the empty p-orbital requires less energy. In consequence, 

sterically demanding substituents will stabilize / favor triplet tetrylenes. The single state is 

furthermore favored by electronegative substituents R as they stabilize the non-bonding lone-

pair orbital, therefore increasing the singlet-triplet gap ΔES-T. Apart from inductive effects, 

mesomeric effects play a significant role regarding the electronic properties of the tetrylene. A 

substituent bearing a +M effect will donate electron density into the empty p-orbital, increasing 

the energy of the LUMO and, consequently, the singlet-triplet gap and increasing the stability 

of the tetrylene. Apart from intramolecular stabilization through the substituent, intermolecular 

stabilization is also possible. Lewis acids stabilize the lone pair while Lewis bases donate 

electron density into the empty p-orbital[107,108].  

The interest in the synthesis and reactivity of (singlet) tetrylenes is due to their ambiphilic 

nature, having a filled and empty orbital in relatively close energetic proximity. By now, all 
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group 14 derivatives have been published. Since a large variety of tetrylenes is known, this 

chapter is supposed to give an overview of the common synthesis routes and reactivity towards 

small molecules.   

3.1   Synthesis of Tetrylenes 

The synthesis of triplet carbenes (and heavier tetrylenes) is complex even though the triplet 

ground state is energetically favored. Most reported compounds are only persistent at low 

temperatures and could be identified through matrix isolation and some examples are at least 

stable for a few days[107,109]. The enhanced stability of the singlet state makes the discovery of 

heavy triplet tetrylenes even more complicated. In contrast, various singlet tetrylenes of group 

14 elements (C, Si, Ge, Sn, Pb) have been reported. 

Tetrylenes and group 14 double bonds can be regarded as closely related. Both species possess 

a low oxidation state (+II). Still, contrary to multiple bonds, tetrylenes are low-valent, meaning 

they form fewer bonds to other atoms than electronically possible (two instead of four bonds). 

 
Scheme 10: Examples of reported syntheses for silylenes (a-c), germylenes (d), stannylenes (e) and 

plumbylenes (f). 

Syntheses of silylenes typically proceed via the reduction of Si(IV) precursors. The first silylene 

[26] was reported by Jutzi in 1989 and has been synthesized by the reduction of dichloro bis 

(pentamethylcyclopentadienyl)silane with alkali metal (Li, Na, K) naphtalenide (Scheme 

10a)[110]. Regarding cyclic silylenes, a similar route with other dihalides and organometal 
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compounds or pure (alkali)metals as reducing agents is often chosen, e.g., published by Denk 

and West[111] or others[112]. A similar synthetic route was applied for further acyclic silylenes[113]. 

Some reported synthesis routes take advantage of the usage of organo(semi)metal compounds, 

such as boryl lithium or alkali metal silanides, that react by substitution and reduction of halide 

compounds at once, as, e.g., shown in Scheme 10b for the synthesis of silylene [27][114,115]. With 

the discovery of NHC-stabilized silylene dihalides by Roesky[116] and Fillipou[117], a suitable 

Si(II) precursor is at hand that can be used as a precursor for the synthesis of new silylenes by 

the substitution of the halide atoms. This has, e.g., been shown by the group of Rivard for the 

synthesis of bis-vinyl silylene [28] (Scheme 10c)[118].  

While the reactivity and synthesis of silylenes is heavily discussed in literature due to their 

comparably unstable nature, the synthesis of germylenes, stannylenes, and plumbylenes – the 

heavier congeners – is less discussed as oxidation state +II is more common for these elements. 

For example, in qualitative analytical chemistry, Bettendorf’s reagent, consisting of SnCl2, a 

Sn(II) compound, has been used to prove the presence of arsenic since 1870[119]. Typical 

syntheses of heavier tetrylenes in modern main-group chemistry focus on the usage of (donor-

stabilized) tetrylene dihalides[120,121] or monohalides[122,123]. A variety of ligands can substitute 

the halides by reacting with organometallic compounds. Alternatively, Lappert’s tetrylenes are 

often used as precursors (vide supra)[124]. Some examples are shown in Scheme 10d-f for the 

synthesis of N-heterocyclic germylene [29][125], germyl stannylene [30][126] and N-heterocyclic 

plumbylene [31][127].  
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3.2   Reactivity of Tetrylenes  

Apart from differentiating by singlet and triplet electronic ground states of tetrylenes, these 

compounds can also be classified as cyclic tetrylenes with bidentate ligands or as non-cyclic 

tetrylenes with homo- or heteroleptic, monodentate ligands. Cyclic tetrylenes, often stabilized 

by π-donating ligands as observed in N-heterocyclic tetrylenes, possess narrow bond angles 

and, consequently, large singlet-triplet gaps. Despite being remarkably stable, the large energy 

gaps often lead to inertness towards small molecules of interest, such as dihydrogen, ammonia 

or carbon monoxide. Acyclic tetrylenes on the other hand can be tuned regarding their bond 

angle dependent on the chosen substituents. Sterically demanding substituents increase the 

angle, consequently leading to a reduced singlet-triplet gap and therefore enhanced reactivity. 

Tetrylenes are fairly reactive and will undergo reactions with a large variety of substrates. As 

the comparability of low-valent main group compounds and transition metals is of high interest, 

this chapter will focus on reported reactivities towards small molecules. The most common 

reactivity of tetrylenes is the oxidative addition of substrates to the central group 14 atom in the 

oxidation state +II, forming group 14 compounds in the oxidation state of +IV. Interestingly, as 

the stability of oxidation state +II increases with the atom size, initial reaction products of heavy 

tetrylenes with small molecules tend to undergo rearrangement reactions to maintain their 

oxidation state (vide supra). The following chapters will give a short overview of some common 

reaction outcomes with small molecules, herein with the focus on oxygen sources such as N2O 

and CO2, reactive carbon species (alkenes, alkynes), and carbon monoxide and isonitriles as 

ligands of particular interest. 

Oxygen sources 

The reactivity of tetrylenes towards nitrogen monoxide and carbon dioxide is focused in 

research as both molecules resemble oxygen sources. These substrates were, among others, 

used to isolate (donor/acceptor stabilized) tetrel oxygen double bonds of the general structure 

R2E=O (E = Si, Ge, Sn), the heavier analogs of ketones. These compounds are volatile due to 

the oxophilic character of group 14 elements (especially silicon) and possess a narrow 

oligomerization energy barrier (pathway A, Scheme 11)[128,129]. While some donor-free 

examples in the case of silicon[130] and germanium[128,131] could be isolated, e.g., acyclic silanone 

[32][132] and germanones [33][131] and [34][128], most compounds require stabilization through 

(intramolecular) Lewis acids on the oxygen center and bases at the group 14 center, as e.g. 

shown for germanone [35][133]. Without sufficient stabilization dimerization reactions,
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Scheme 11: Top: Reported typical reaction pathways of tetrylenes with CO2 and N2O; Bottom: Examples 

of reported reaction products of tetrylenes with CO2 or N2O. 

as shown by pathway C (e.g., dimer [36])[134,135], or rearrangement reactions occur[121,136,137]. The 

substrate gases are typically present in excess in the reaction mixture, whereas the further 

reaction of the heavy ketone intermediates with N2O or CO2 is possible as, for example, 

observed in the synthesis of silanoic ester [37][138]. For the heavier elements germanium and tin, 

the enhanced stability of the oxidation state +II can lead to the insertion of the oxygen atom 

into the bond between the central group 14 atom and the respective substituent to preserve the 

oxidation state, for example reported by Aldridge as shown by compound [38] in scheme 10 

(pathway D)[139–141]. For CO2, typical follow-up products are group 14 carbonate complexes as 

represented by pathway B[115,135,140,142]. A stable example of a silicon carbonate complex was, 

e.g., reported by the group of Inoue (compound [39]). Additionally, the formation of tetrylene 

ethers, represented by pathways D and E, is a common outcome of CO2 reactions[137,139,143]. The 

group of Jones reported the insertion of CO2 into the Ge-H bond of hydrido germylene forming 

germylene [40]. Additionally, the use of these insertion products as a catalyst for hydroboration 

of CO2 has been reported[122,144]. Kemp furthermore reported the double insertion of CO2 leading 

to the formation of phosphine-stabilized stannylene [41][145]. 
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Alkene / Alkyne reactivity 

Regarding the reactivity of tetrylenes towards alkenes and alkynes, they behave similarly to 

transition metals and readily form three-membered ring moieties, as shown in scheme 12[146]. 

Some reported examples show that the oxidative addition of olefines can be reversible 

(reductive elimination). This tetrylene reactivity is particularly interesting because an oxidative 

addition–reductive elimination cycle is necessary for catalytic applications[147]. Literature 

examples show that the reversibility of this reaction can also be used to synthesize otherwise 

unstable tetrylenes in situ by irradiation or thermal activation of the three-membered ring 

moieties[148]. Apart from the reversible coordination of alkenes and alkynes, as a further 

reactivity, the insertion of the olefinic species into the group 14 element–ligand bond has been 

reported, especially for the heavier elements germanium and tin, probably due to the same 

reason as mentioned for the reactivity towards oxygen sources, namely the stability of the +II 

oxidation state [149]. For alkynes – especially for terminal alkynes – apart from the formation of 

three-membered rings, C-C bond or C-H bond activation of the triple bond substrates has been 

reported, resulting in the formation of alkyne substituted group 14 compounds through 

oxidative addition[150,151]. 

 

Scheme 12: Common reported reactivities of tetrylenes with alkenes and alkynes. 

Carbon monoxide and isocyanides 

The complexation of carbon monoxide by main group compounds remains a demanding 

challenge. Despite being a common ligand for transition metal complexes, only scarce 

examples of carbon monoxide coordinated to low-valent group 14 compounds have been 

reported. The interest in exploring such compounds arises from the importance of carbon 

monoxide in various industrial processes, as it represents an important C1 building block[152]. 

Apart from some reported syntheses resulting in the formation of unprecedented insertion 

products[153], so far, the only known examples of tetrylene carbon monoxide complexes [42] and 

[43] have been reported in 2020 by the groups of Inoue[154] and Schulz[155] (see Scheme 13). In 
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contrast to the carbon equivalents of CO “adducts”, whose energy surface minimum is 

represented by a ketene structure, the minimum on the energy surface of silylene CO complexes 

is represented by a donor-acceptor complex with a strongly bent structure due to the 

electropositive ligands[21,225]. Interestingly, the formation of [42] is reversible by irradiation, 

which is standard behavior for transition metal complexes[156]. Both compounds show 

significant backdonation of the silylene moiety into the anti-bonding π-orbitals of carbon 

monoxide, which has been studied theoretically and experimentally by IR and UV-Vis 

measurements. Recently, the synthesis of a sila-ketentyl anion [44] from carbon monoxide 

adduct [42] has been reported, which provides a first insight into the property of these 

complexes to function as precursors for new unprecedented low-valent main group compounds 

with carbon multiple bond character[157].  

 

Isocyanides with the general structure R-N≡C are isoelectronic to carbon monoxide and are 

comparably popular ligands in transition metal chemistry[158]. Like their isoelectronic 

counterpart, they are rarely found as ligands in main-group chemistry. In contrast to carbon 

monoxide, isocyanide offers a large variety of steric and electronic properties due to the variable 

substituent on the nitrogen atom, making them attractive targets for synthesizing main group 

complexes. The electronic structure of isocyanide complexes can generally be described by 

different bonding modes, as shown in Scheme 14. Dependent on substituent and central atom, 

isocyanide complexes can be described by a cumulene type structure (left), by a donor-acceptor 

complex with electron backdonation from the group 14 element to the isonitrile (middle), or by 

a pure isonitrile donor complex without backdonation (right)[159]. Due to their higher donor 

strengths, for both carbon monoxide complexes [42] and [43], ligand exchange reactions from 

carbon monoxide to isonitriles providing the complexes [45] and [46] have been reported.[154,155] 

Apart from that, a few other silylene adduct examples were reported by Kira[160] (Scheme 14, 

compounds [47a, b], Okazaki[161], and Tokitoh[162] (Scheme 14, compounds [48a – c]). The 

Scheme 13: Reported CO silylene complexes reported by Inoue and Schulz. 
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reported complexes show an IR red-shift of the C=N stretching frequency, indicating 

backdonation from the silicon center to the C=N π*-orbital. A trend can be observed regarding 

heavier isonitrile adducts of germanium[160,163], tin, and lead. While germanium adducts, as, e.g., 

compound [49] reported by Power[164], already only show a weak to neglectable red-shift, 

indicating only weak back donation, tin and lead isonitrile adducts as e.g. compound [50] 

reported by Grützmacher[165] and [51] reported by Klinkhammer[166], show increasing 

vibrational frequencies, indicating the absence of back donation. This is in accordance with the 

behavior of transition metal complexes, which also show variable back donation heavily 

dependent on the choice of metal. Larger and more electropositive central metal atoms lead to 

a less pronounced donation of electron density into the π*-orbital[159]. 

 

Scheme 14: Bonding modii of isonitrile adducts of tetrylenes and examples of reported compounds. 
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4. Scope of this work  

As highlighted before, the exploration of the reactivity of low-valent group 14 compounds and 

heavy multiple bonds towards small molecules is of considerable interest in research with the 

prospect of being able to exchange expensive and toxic transition metal catalysts by abundant, 

less toxic, and cheap main group compounds. Despite massive advances that have been made 

in recent years, as shown in the previous chapters of this work, the reactivity of these group 14 

compounds is heavily influenced by the electronic and steric properties of their substituents, 

often leading to the formation of unprecedented new substances. For this reason, this work aims 

to gain further insight into this topic.  

Previously, the synthesis of silepins (silacycloheptatriene) [53a] and [53b] has been reported 

that they solely react as their acyclic silylene isomers [54a] and [54b], despite showing no 

spectroscopic evidence for their presence at room temperature[115,132]. This indicates a low 

energy barrier between both isomeric forms, allowing the reversible insertion of the silylene 

silicon atom into the aromatic Dipp-group, resulting in the formation of a chemical equilibrium 

that is strongly shifted towards the silepin isomers [53a] and [53b]. Within this work, we 

intended to investigate the steric influence of the silyl substituent (SiR3) on the equilibrium 

formation and further reactivity of the silylene moiety towards substrates like CO2, ethylene, 

N2O, and H2. Especially the hypersilyl substituent KSi(TMS)3 can easily be functionalized by 

a route established by Marschner[167], allowing the introduction of more sterically demanding 

R-groups, such as, e.g., larger alkyl groups such as isopropyl (iPr).  

 
Scheme 15: Top: Reported synthesis of silepins reacting as isomeric acyclic silylenes; bottom: synthesis 

of modified hypersilyl substituents. 
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Silyl groups are of considerable interest due to their unique electronic properties. Due to the α-

silyl effect, negative charges in α-position to the silicon atom are stabilized[168]. This, among 

others, allowed, for example, the isolation of unique products such as the sila ketenyl anion [44] 

(vide supra). Bis-silyl substituted silylenes and disilenes are scarce in general, whereas we 

intended to further investigate the reactivity of “red” silylene/disilene [55 / 55’][138] and “blue” 

disilene [56][57] (Scheme 16). Herein, we focus mainly on the reactivity towards isonitriles.  

 Scheme 16: Top: Investigated reported bis-silyl silylenes/disilenes; Bottom: Possible reactivities of 

silylenes and disilenes towards isonitriles 

Ligands containing the scaffold of N-heterocyclic carbenes (NHCs), such as N-heterocyclic 

imines (NHIs) and N-heterocyclic olefins (NHOs) have been widely used in main group 

chemistry as substituents or ligands, as they are strong σ-donors (and in the case of NHI π-

donors). NHCs can also engage in back bonding, making them versatile in use[169]. In 2021 the 

groups of Severin[170] and Hansmann[171] synthesized N-Heterocyclic and meso-N-Heterocyclic 

(mNHC) based diazoolefins [57 – 59] (Figure 8), a new substance class containing the NHC 

scaffold. This ligand system has been applied to synthesize different transition metal 

complexes, allowing the synthesis of unique vinylidene structures [60 – 61][172]. Within this 

work, we intended to apply N-Heterocyclic diazoolefins as ligands for main group compound 

and test its reactivity to investigate new potential routes towards heavy group 14 carbon 

multiple bonds.   

Figure 8: Left: Reported (m)NHC based diazoolefins; right: Reported transition metal vinylidenes 

derived from diazoolefins. 
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5. Room-Temperature-Observable Interconversion Between 

Si(IV) and Si(II) via Reversible Intramolecular Insertion 

Into an Aromatic C-C Bond 

Title:  Room-Temperature-Observable Interconversion Between Si(IV) and Si(II) via 

Reversible Intramolecular Insertion Into an Aromatic C-C Bond. 

Status: Article, published online: September 13th, 2022 

Journal: Chemistry – A European Journal, 2022, 28, e202202330 

Publisher: WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

DOI:  10.1002/chem.202202330[173]  

Authors:  Teresa Eisner, Arseni Kostenko, Franziska Hanusch, Shigeyoshi Inoue1 

Reproduced with permission 

Content:  In recent publications, sila-heptacyclotriens (silepins) containing NHI and silyl 

substituents have been synthesized that exclusively showed the reactivity of their 

isomeric acyclic silylene form. This implied a low energy barrier between both isomers, 

allowing a reversible insertion of the central silicon atom of the acyclic silylene into an 

aromatic Dipp moiety of the NHI substituent. Nonetheless, only the silepin isomers 

could be observed spectroscopically after the isolation of the product. In this 

publication, a new silepin has been synthesized using the sterically more demanding 

BTTPS (bis-trimethylsilyl tri-iso-propyl silyl silane) ligand. 

 At room temperature, both species, the silepin, and its silylene isomer could be detected 

by NMR spectroscopy, showing a constant ratio of 2.7:1. By performing variable 

temperature NMR and UV-Vis measurements, it could be shown that the ratio between 

both species shifts depending on the temperature, therefore following the laws of Le 

Chatelier and proving an equilibrium formation. DFT calculations could furthermore 

support this. Compared to the previously reported compounds, the isomers of the new 

compound are in closer energetical proximity due to the steric demand of the silyl 

ligand, allowing the simultaneous observation of both species.  

 
1 T. Eisner planned and executed all experiments and wrote the manuscript. A. Kostenko performed and 
interpreted the theoretical calculations. F. Hanusch conducted SC-XRD measurements and processed the data. 
All work was performed under the supervision of S. Inoue. 
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 Like related silepins, the newly synthesized compound solely shows the reactivity of its 

silylene isomer. The publication reported the oxidative addition of small molecules (H2, 

CO2, and ethylene). Heating of the ethylene activation product (silirane) leads to the 

insertion of the ethylene moiety into the Si-Si bond of the central silicon atom and the 

silyl substituent under simultaneous reaction with a second equivalent of ethylene, 

resulting in the formation of a new silirane. 

 In the reaction of the silepin / silylene with N2O, the initial formation of a silanone (sila-

ketone) was proposed, which isomerizes to a disilene by rearrangement of a TMS group 

of the silyl ligand. The disilene reacts with a second equivalent of N2O, forming a 

double-oxygen bridged product.  

 In conclusion, the equilibrium between a silepin and a silylene could be proven by 

spectroscopic methods. The isomer mixture reacts as a silylene and can activate small 

molecules.  
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6. Synthesis and Isolation of a Cyclic Bis-Vinyl Germylene via a 

Diazoolefin Adduct of Germylene Dichloride 

Title:  Synthesis and isolation of a cyclic bis-vinyl germylene via a diazoolefin adduct 

of germylene dichloride. 

Status: Communication, published online: December 7th, 2023 

Journal: Chemical Communications, 2024, 60, 558-561 

Publisher: Royal Society of Chemistry 

DOI:  10.1039/D3CC05090D[174]  

Authors:  Teresa Eisner, Arseni Kostenko, Fiona Jessica Kiefer, Shigeyoshi Inoue2  

Reproduced from Ref. [174] with permission from the Royal Society of Chemistry 

Content:  Until 2021, diazoolefins could not be isolated as room-temperature stable and 

persistent molecules. After the discovery of NHC-based diazoolefins, their prominent use 

as ligands in transition metal chemistry has been shown. However, the isolation of main 

group complexes, especially group 14 compounds, remained scarce.  

 In this study, we reported the synthesis of the diazoolefin adducts of germanium dichloride 

and tin dichloride. After successful isolation, their reactivity was investigated. After initial 

test reactions with reducing agents failed, a unique reactivity of the germanium adduct with 

potassium hypersilanide and its derivatives could be observed. The silanide functions as a 

reducing agent, presumably forming a germylone intermediate, which reacts with a second 

equivalent of the germanium adduct substrate. In a dimerization reaction, a cyclic bis-vinyl 

germylene is formed.  

 The new compounds were analyzed via multinuclear NMR spectroscopy, IR spectroscopy, 

UV-Vis spectroscopy, and DFT calculations. NBO calculations showed that the germylene 

electron density is delocalized throughout the whole ring system within the central ring 

moiety. NICS calculations confirmed that the germylene possesses a strong aromatic 

character. 

 
2 T. Eisner planned and executed all experiments and wrote the manuscript. A. Kostenko performed and 
interpreted the theoretical calculations. F. J. Kiefer conducted SC-XRD measurements and processed the data. All 
work was performed under the supervision of S. Inoue. 
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 In conclusion, this study shows that diazoolefins can successfully be implemented as a 

ligand system in main-group chemistry. By isolating the cyclic germylene, we could show 

that diazoolefin adducts can be used as substrates for synthesizing other unprecedented low-

valent compounds. 
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7. Synthesis and Isolation of Silylene-Isonitrile Complexes 

derived from Tetrasilyldisilenes 

Title:   Synthesis and Isolation of Silylene-Isonitrile Complexes derived from 

Tetrasilyldisilenes 

Status: Draft (communication) 

Authors:  Teresa Eisner, Fiona Jessica Kiefer, Arseni Kostenko, Shigeyoshi Inoue3  

Content:  Bis-silyl silylenes and Tetra-silyl disilenes are scarce in literature. However, the 

few examples of these compounds showed remarkable reactivities, such as the reduction to 

silyl dianions, radicals, or even the formation of a silylene carbon monoxide complex and 

its consequent reduction to a sily ketenyl anion. We, therefore, decided to investigate their 

reactivity further.  

 Isonitriles are isoelectronic to carbon monoxide and serve as diverse ligands in transition 

metal chemistry. Few reactivities towards disilenes and silylenes have already been 

reported. Treatment of a previously reported bis-silyl silylene with adamantyl isonitrile led 

to the formation of the isonitrile adduct of the silylene. According to the redshift of the C=N 

stretching frequency of the isonitrile observed by IR spectroscopy, a strong back donation 

from the silicon center into the anti-bonding π-orbital of the isonitrile is observed. This 

behavior is comparable to electron-rich isonitrile transition metal complexes, reflecting the 

similarities of the orbital properties of both complexes.  

 The reaction of a tetra-silyl disilene with two equivalents of adamantyl isonitrile also leads 

to complete bond breakage of the disilene and the formation of two equivalents of an 

isonitrile silylene complex. Consequently, the formation of a cyano silane was observed by 

SC XRD. Such products have previously only been reported for the reactivity of silylenes 

with isonitriles but not for stable disilenes. Interestingly, no typical silylene-like reactivity 

could previously be shown for this disilene substrate.  

  

 

 
3 T. Eisner and F. J. Kiefer planned and executed all experiments and wrote the manuscript. A. Kostenko performed 
and interpreted the theoretical calculations. F. J. Kiefer conducted SC-XRD measurements and processed the data. 
All work was performed under the supervision of S. Inoue. 
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8. Summary and Outlook 

While silyl substituents are often used in main group chemistry as substituents owing to their 

electropositive properties and electronic effects (α- and β-silyl effect) providing electron-rich 

and reactive central atoms, they are also prone to specific side reactivities such as 

rearrangement[168,175]. In combination with other ligands, silyl groups were successfully applied 

to isolate low-valent group 13, 14, and group 15 compounds (vide supra). Diverse substituents 

on the silicon atom are available, such as multiple alkyl or aryl groups, offering variable steric 

properties. Some of the most frequently used silyl ligands include the “supersilyl” SitBu3, the 

“hypersilyl” Si(TMS)3, and the silyl group SitBu2Me, which is mainly known for its frequent 

successful use by Sekiguchi. In the first two parts, this work focused on using silyl substituents 

in the synthesis and reactivity of silyl-substituted silylenes and disilenes. 

Apart from silyl groups, NHCs and substituents derived from them, like NHOs and NHIs, are 

frequently used owing to their electron donation properties and the variable steric demand the 

substituents provide on the nitrogen atoms. The development of new NHC-based derivatives, 

such as, e.g. the recently developed diazoolefins (vide supra), may offer the potential to isolate 

new unprecedented group 14 compounds. Therefore, the last part of this work focused on 

applying DippNHC-based diazoolefin in low-valent group 14 chemistry.  

8.1   Synthesis of a sterically mofidified silepin 

As mentioned before, hypersilanide can be easily modified by substituting the TMS groups with 

other silyl groups. To investigate the effect of the steric demand of the silanide in silylene 

synthesis, one TMS group was replaced by a Si(iPr)3 group according to Marschner's method 

(vide supra). The newly synthesized bis-trimethylsilyl (tri-iso-propyl)silyl silanide (BTTPS) 

was then used to synthesize a new acyclic silylene. A shown for the synthesis of the previously 

reported silylenes [54a] and [54b] (vide supra) NHI substituted tribromosilane [52] was treated 

with two equivalents of the BTTPS ligand, leading to the formation of the new silylene [62] / 

silepin [63] (Scheme 17a). According to DFT calculations, the isomerization from [62] to [63] 

by insertion of the silicon into the aromatic C-C bond of the Dipp group is exergonic by only 

1.2 kcal/mol with an activation energy barrier of maximal 16.8 kcal/mol (Scheme 17b). This 

small energetical favorisation of the silepin [63], accompanied by the small activation energy, 

results in an equilibrium between both species. This can be observed by 1H and 29Si NMR, 

which shows a constant ratio of 2.7 : 1 between two sets of signals at room temperature, one 

belonging to [62] (red, Scheme 17) and one belonging to [63] (blue). As typical for a chemical 
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equilibrium, the synthesis conditions and reaction time do not influence the ratio. However, the 

equilibrium can be shifted according to the laws of Le Chatelier. Variable temperature (VT) 1H 

and 29Si NMR measurements (Scheme 17c) showed that reducing the temperature shifts the 

equilibrium to the slightly energetically favored silepin with, e.g., a ratio of 17.6 / 1 at -20 °C. 

In contrast, increasing the temperature to 70 °C shifts the equilibrium towards the silylene with 

a ratio of 1 / 1.1. 

 

Scheme 17: a) Synthesis of silylene [60] / silepin [61]; b) Reaction pathway of the isomerization of [60] 

/ [61]; c) VT-29Si NMR. 

The same behavior can be observed by VT UV-Vis analysis. According to TD DFT analysis, 

silepin [63] mainly absorbs at a wavelength of 375 nm, resulting in a neon yellow color, while 

silylene [62] absorbs light at a wavelength of λmax = 600 nm, representing the “forbidden” π → 

π* transition and resulting in a blue color of the compound. Increasing the temperature leads to 

an increase of absorption at 600 nm while the signal decreases at 375 nm, in accordance with 

the equilibrium shift toward silylene. Compounds [54a] and [54b], which are strongly related 

and only differentiate by possessing silyl ligands of less steric demand, did not show any 

spectroscopical evidence for the presence of its isomeric silylenes [53a] and [53b] at room 

temperature, despite solely showing silylene reactivity. DFT calculations for the mechanism of 

the isomerization process showed that the conversion of these related compounds also has low 

energy barriers. Nonetheless, [62] is energetically higher regarding its isomer [63] than [54a, 

b] compared to [52a, b], presumably caused by the steric demand of the silyl ligand. 

         
         397  16.72 -10.0 -121 ppm
          18.4  13.2 -8.31 -11.0 -130.9 ppm
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The reactivity of [62/63] towards small molecules was investigated (see Scheme 18). As one of 

few silylene examples [62] is able to activate dihydrogen, forming the dihydrosilane [64]. With 

ethylene, the formation of silirane [65] could be achieved, which, upon heating under ethylene 

atmosphere, inserts one ethylene moiety into the central silicon – silyl ligand Si-Si bond, 

ultimately forming the new silirane [66]. Similar reactivity for comparable silylenes has been 

reported [151,176]. With CO2, a stable silicon carbonate complex [67] is formed. The influence of 

the silyl ligand on the reactivity of the silylene could be observed in the reaction of [62 /63] 

with N2O. For previously reported related compounds, exposure of the silepin to N2O leads to 

the formation of isolable silanones, which, however, slowly decompose or rearrange. For silepin 

[54a], a TMS group of the silanone migrates to the oxygen atom, forming a disilene that could 

be isolated by stabilization with an additional NHC donor. Comparably, treatment of [62 / 63] 

with N2O presumably initially leads to the formation of the silanone intermediate [68], which 

rapidly rearranges a TMS group of the silyl ligand to the silanone-oxygen atom, forming the 

disilene [69] even at low temperatures. This intermediary-formed disilene further reacts with 

N2O, forming the oxygen-bridged product [70], representing typical disilene reactivity. Despite 

multiple attempts, neither the silanone intermediate [68] nor disilene [69] could be isolated or 

even observed. The rapid formation of [70] can presumably be attributed to the enhanced steric 

demand of the BTTPS ligand, which accelerates the rearrangement of the TMS group to release 

steric strain. In summary, this example shows the effects of the increase of the ligand size on 

the silylene stability and its influences on their reactivity.   

 

Scheme 18: Reactivity of [60 /61] towards H2, ethylene, CO2 and N2O. 

As a small sterical alteration of the silyl substituent already provided non-neglectable effects 

on the stability and reactivity of imino substituted silylenes, a further alteration with even larger 

substituents may be of interest. Potentially by that a pure acyclic silylene that shows no 
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isomerization tendency could be isolated. As mentioned before large substituents may also 

provide a possibility to isolate a silylene with a triplet ground state. Furthermore, a complete 

substitution of the TMS groups may prevent isomerization of silanones, which, due to their rare 

occurrence, could then be investigated further. Finally, only few possible silylene reactivities of 

the compound have been explored, leaving possibilities to discover further unprecedented 

products. 

8.2   Synthesis of diazoolefin adducts 

Until recently, diazoolefins R2C=C=N2 were not accessible as room-temperature stable 

compounds, despite being postulated as intermediates in important organic reactions, such as 

the Seyferth-Gilbert homologation[177]. A frequently used diazoolefin “precursor” is, for 

example, the Bestmann-Ohira reagent, which is used to synthesize alkynes from aldehydes. The 

reason for the difficulties in isolating such compounds is the energetically favored elimination 

of dinitrogen, which gives diazoolefins the promising property as a vinylidene source. 

 

Scheme 19: Synthesis of ECl3 salts [72a] and [72b] and synthesis of diazoolefin group 14 complexes 

[73a] and [73b]. 

Recently the successful isolation of various NHC-derived diazoolefins has been reported (vide 

supra) that profit by the stabilization through the π-donation of the nitrogen atoms in the NHC 

scaffold and are generally stabilized by mesomeric effects. Hence, the reported compounds are 

isolable and stable at room temperature. We, therefore, synthesized the Dipp-substituted 

diazoolefin [57a] reported by Severin using a modified synthesis route. Its precursor, the NHO 
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[71], was heated with KOtBu, which functions as a base, under an N2O atmosphere in a DME 

solution, which leads to the formation of [56a]. After successful isolation, we investigated the 

reactivity of the diazoolefin towards heavy low-valent group 14 compounds. Two different 

reactivities could be observed with GeCl2 · dioxane and SnCl2, dependent on solvent and 

reaction conditions. Using toluene or THF (especially at higher temperatures) as a reaction 

solvent leads to the formation of a dimerized, cationic product of the diazoolefin with an ECl3
- 

(E = Ge, Sn) counteranion [72a] or [72b]. This product is unstable and further decomposes 

unselectively in solution. Nonetheless, the structure could be determined by SC-XRD analysis. 

Performing the same reaction in Et2O as a solvent leads to the precipitation of the desired 

complexes [73a] or [73b]. Both compounds could be fully characterized, including SC-XRD 

structures. These compounds represent the first reported diazoolefin complexes of group 14 

elements. Synthesis attempts with Si(II) sources such as IPr · SiCl2 did not yield the respective 

silicon complexes as the desired product.  

 

Scheme 20: Synthesis and selected analytical data of germylene [73]. 

The reactivity of [73a] and [73b] was investigated, especially regarding substitution or 

reduction by silanides. No selective reaction of the tin adduct [73b] with silanides or other 

reducing agents could be achieved. In most cases the precipitation of elemental tin was observed 

While the silanides NaSitBu3 and NaSi(tBu)2Me also did not show any selective reaction with 

germanium adduct [73a], hypersilanide KSiTMS3 and its sterically more demanding derivates 

KSiTMS2(Si(tolyl)3) and BTTPS result in the formation of cyclic bis-vinyl germylene [75] 

(Scheme 20). Instead of substituting a chlorine atom of [73a], the silanide functions as a 
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reducing agent. Presumably, the reaction proceeds via the formation of a germylone [74] as an 

intermediate, followed by the dimerization with a second equivalent of [73a] under the 

elimination of N2 and GeCl2. NBO calculation for germylene [75] showed the donation of 

electron density from the vinyl π-bond into the π*-orbital of the N-N backbone and the empty 

p-orbital of the germanium center. Simultaneously, electron density is donated from the N-N π-

bond into the π* vinyl bonds. This electron delocalization is an indicator of the aromatic 

character of the compound, which could be verified by NICS analysis. With a NICS(1) of -9.1 

ppm and a NICS(1)zz of -18.1 ppm germylene [75] shows extensive aromaticity, which even 

exceeds other aromatic germanium species (see Scheme 20).  

As diazoolefins have only been discovered recently, lots of reactivities regarding main-group 

compounds are yet to be investigated. Non- or mono-halide substituted germylenes, stannylenes 

and silylenes can be tested regarding their reactivity with diazoolefins as well as heavy main-

group multiple bonds. Diazoolefin [57a] was furthermore chosen as a substrate due to its steric 

demand which is usually necessary for stability reasons. On the other hand, this may also leave 

to hampering of possible reactivity with other sterically demanding substrates. Therefore, less 

sterically demanding alternatives like diazoolefins [57b – d] should also be investigated.  

8.3   Isonitrile silylene complexes 

Isocyanide complexes of silylenes (or tetrylenes in general) are particularly interesting due to 

their isoelectronic properties relative to carbon monoxide (vide infra). As carbon monoxide 

could previously successfully be applied as a ligand for a bis-silyl silylene (compound [54]), 

with the consequent synthesis of the unique ketenyl anion [44], the synthesis of isonitrile 

complexes was also investigated. As the synthesis of an isonitrile complex by ligand exchange 

from the carbon monoxide silylene complex [42] is already known, in this case, the direct 

synthesis from the silylene [54] (the precursor of [42]) was investigated. By addition of 

adamantyl isonitrile to the silylene a selective formation of isonitrile complex [76] was 

observed. The analytical NMR data is in close proximity to the previously reported complex 

[45] with a carbon NMR shift of 200 ppm of the isonitrile carbon atom and a 29Si-NMR shift 

of the central silicon atom of – 150 ppm (compared to [45] with a 13C-NMR shift of 192 ppm 

and a 29Si-NMR shift of -177 ppm). So far, no crystallographic data has been received.  

As a second silyl-substituted low-oxidation state silicon source, the tetra-silyl disilene by 

Sekiguchi was investigated regarding its isonitrile reactivity. The compound is known for its 

diradical character at elevated temperatures[178] and unique reactivity, such as forming silyl 

dianions or radicals[57]. In contrast to silylene [55], which is in equilibrium with a disilene isomer 
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[55’], no silylene reactivity of Sekiguchi's disilene has been reported. Despite this, treating this 

disilene with two equivalents of adamantyl isonitrile only leads to the formation of a sole 

product, the isonitrile silylene complex [77]. No other complexes related to previously reported 

disilene–isonitrile reactivities could be observed, even as intermediates. The silicon and carbon 

NMR shifts of -142 and 212 ppm are close to the compound [76]. Compound [77] slowly 

rearranges to the cyano silane [78] by Cadamantyl-N bond breakage, verified by XRD analysis.  

 
Scheme 21: Synthesis and selected analytical data of [76], [77] and [78]. 

The IR spectra of both compounds were recorded and showed a signal for the C=N stretching 

frequency at 1843 and 1835 cm-1, which is at a higher wavenumber than the free isonitrile ligand 

at 2125 cm-1. According to observations for isonitrile transition metal complexes, this shift 

relates to a strong back donation of electron density of the central silicon atom to the 

antibonding π-orbital of the C=N bonds.  

After the successful isolation of the isonitrile complexes, in a next step the reduction of [76] 

and [77] in analogy to the formation of ketenyl anion [44] has to be further investigated. First 

attempts of reduction with KC8 were promising, but still inconclusive. Furthermore other 

isonitrile ligands are still to be investigated. Here again, first attempts with Mesityl isonitrile 

and Dipp isonitrile led to promising results, but a full characterization and isolation of the 

products is still pending. Reactivity investigations of heavy isonitrile main group complexes 

are scarce in general, leaving room for further promising developments. 
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1. Experimental Procedures  

 

A) General Methods and Instrumentation  
 

All manipulations were carried out under argon atmosphere using standard Schlenk or 

glovebox techniques. Glassware was flame dried prior to use. Unless otherwise stated  

all chemicals were purchased from Sigma-Aldrich or ABCR and used as received. All 

solvents were refluxed over sodium/benzophenone  distilled  and deoxygenated prior 

to use. 

Deuterated benzene (C6D6) and deuterated toluene (C7H8) were obtained from Deutero 

Deutschland GmbH and were dried over 3 Å molecular sieves. All NMR samples were 

prepared under argon in J. Young PTFE tubes. IDipp=N-SiBr3
[1] and KSiTMS2(Si(iPr)3)[2] 

were synthesized according to literature procedures. Carbon dioxide (5.0)  nitrogen 

monoxide (5.0) and hyrdogen gas (5.0) were purchased from Westfalen AG and used 

as received. 

NMR spectra were recorded on Bruker AV-500C and AV-400 spectrometers at ambient 

temperature (300 K)  unless otherwise stated. 1H  13C and 29Si NMR spectroscopic 

chemical shifts δ are reported in ppm relative to tetramethylsilane. δ(1H) and δ(13C) 

were referenced internally to the relevant residual solvent resonances. δ(29Si) was 

referenced to the signal of tetramethylsilane (TMS) (δ = 0 ppm) as external standard. 

For all 29Si spectra  a standard inverse gated decoupling pulse program was used.  

Variable Temperature (VT) UV-Vis spectra were taken on an Agilent Cary 60 

spectrophotometer connected to a UnispeKs CoolSpeK cryostat (Unisoku Scientific 

Instruments Co.). 

Liquid Injection Field Desorption Ionization Mass Spectroscopy (LIFDI-MS) was 

measured directly from an inert atmosphere glovebox with a Thermo Fisher Scientific 

Exactive Plus Orbitrap equipped with an ion source from Linden CMS[3] 

Melting points (m.p. were measured in sealed glass capillars under argon atmosphere 

using a Büchi B-540 melting point apparatus.   
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B) Synthesis and characterization of new compounds 

 

Synthesis of silepin 1a / silylen 1b 

 

 

 

 

 

 

A solution of 2.31 g KSiTMS2(Si(iPr)3) (6.24 mmol  2.05 eq.) in 15.0 mL toluene was added 

dropwise to a suspension of 2.04 g IDippNSiBr3 (3.05 mmol  1.00 eq.) in 3.00 mL toluene 

at -78°C. The reaction mixture was warmed to r.t. upon which a colour change to green can be 

observed. After stirring at r.t. for 16 hours the solvent was removed in vacuo and the residue 

was extracted with hexane (3x 20mL). After concentration of the solution the silepin 1b was 

crystallized at -35°C as neon yellow crystals in 70% yield (1.73 g  2.27 mmol) suitable for single 

crystal XRD analysis. In some cases  small amounts (1-5%) of the by-product BrSiTMS2(Si(iPr)3) 

could be observed in the NMR due to cocrystallization. Due to the equilibrium formation of 

the silylene 1a both species can be observed in the NMR in a ratio of approx. 2.7:1 (1b : 1a).  

The signals of compound 1a and 1b were assigned separately despite both being observable 

in the same spectrum due to the equilibrium formation. Integrals in figure 1 were assigned to 

the dominant silepin species 1b.  

Silylen 1a: 

1H NMR (500 MHz  C6D6  r.t.): δ = 7.21 (m  2H  ArH)  7.13 (m  4H  ArH)  6.14 (s  2H  N-CH)  3.26 

(m  4H  Ar-CH)  1.29 (d  12H  CH3)  1.22-1.17 (m  3H  Si-CH)  1.17-1.13 (m  18H  Si(iPr)3)  0.98 

(d  12H  CH3)  0.29 (s  18H  TMS). 

 

13C NMR (126 MHz  C6D6  r.t.): δ = 156.7 (C-Ar)  147.7 (NCN)  130.03 (C-Ar)  127.9. (CH-Ar)  

124.1 (CH-Ar)  116.9 (N-CH)  31.6 (CH)  25.4 (CH3)  22.7 (CH3)  20.6 (Si(iPr))  14.7 (Si-CH)  4.19 

(TMS). 

 

29Si NMR (99 MHz  C6D6  r.t.): 397.76 (central Si)  18.46 (Si(iPr)3)  -9.96 (TMS)  -120.77 

(Si(TMS)2). 

Silepin 1b: 

1H NMR (500 MHz  C6D6  r.t.): δ = 7.22 (m  1H  ArH)  7.13 (m  2H  ArH)  6.67 (d  1H  N-CH)  6.57 

(d  1H  ArH)  6.48 (m  2H  ArH)  5.95 (d  1H  N-CH)  3.36 (hept  1H  Ar-CH)  3.23 (m  2H  Ar-CH)   
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3.04 (hept  1H  Ar-CH)  1.46-1.36 (m  3H  Si-CH)  1.41 (d  3H  CH3)  1.37 (dd  6H  CH3)  1.25-1.21 

(m  3H CH3)  1.23-1.19 (m  18H  Si(iPr)3)  1.21-1.12 (m  6H  CH3)  1.07 (d  3H  CH3)  0.98 (d  3H  

CH3)  0.42 (s  9H  TMS)  0.38 (s  9H  TMS). 

 

13C NMR (126 MHz  C6D6  r.t.): δ = 156.4 (C-Ar)  148.0  (C-Ar)  146.9 (NCN)  145.3 (C-Ar)  133.6 

(C-Ar)  133.4 (C-Ar)  131.6 (C-Ar)  131.0 (CH-Ar)  129.4 (CH-Ar)  128.6 (CH-Ar)  128.2 (CH-Ar)  

128.0 (CH-Ar)  124.2 (CH-Ar)  117.7 (N-CH)  109.7 (N-CH)  29.4 (CH)  29.3 (CH)  28.8 (CH)  28.3 

(CH)  27.4 (CH3)  26.4 (CH3)  25.5 (CH3)  23.9 (CH3)  23.1 (CH3)  22.1 (CH3)  21.0 (CH3)  20.8 

(Si(iPr))  20.3 (CH3)  15.4 (Si-CH)  4.80 (TMS)  4.70 (TMS). 

 

29Si NMR (99 MHz  C6D6  r.t.): δ = 16.69(Si-Ar)  13.28 (Si(iPr)3)  -8.33 (TMS)  -11.01 

(TMS)  -130.76 (Si(TMS)2). 

 

Side-product BrSi(TMS)2Si(iPr)3:  

1H-NMR (500 MHz  C6D6  r.t.): δ =1.39 (m  3H  SiCH(CH3)2)  1.16 (d  18H  SiCH(CH3)2)  0.33 (s  

18H  TMS). 

 

13C NMR (126 MHz  C6D6  r.t.): δ = 20.33 (SiCH(CH3)2)  13.65 (Si-CH)  0.77 (TMS). 

 

29Si NMR (99 MHz  C6D6  r.t.): δ = 7.59 (Si(iPr)3)  -12.15 (TMS)  -21.53 (central Si) 

 

M.p.:  gradual colour change from yellow to blue starting at 89°C  m.p.: 179°C.  

For verification that no side reactions or decomposition occurred a crystalline sample of the 

silepin 1b was heated up to 160°C until the sample turned blue completely. 1H-NMR 

measurement of this sample showed the typical mixture of silylen and silepin. Upon solvation 

the colour change back to deep green could be observed. 

LIFDI-MS: Calculated for C42H75N3Si52·.:   762.4807 

  Observed    761.4731 
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Figure S1: 1H-NMR spectrum of silepin 1a / silylene 1b in C6D6. The most prominent visible peaks of 

1a are marked with a red dot (TMS and CHN). 

 

Figure S2: 13C-NMR spectrum of silepin 1b / silylene 1a in C6D6. 
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Figure S3: 29Si-NMR spectrum of silepin 1b / silylene 1a in C6D6. 

Figure S4: 1H-NMR spectrum of the crude product mixture of silylen 1a / silepin 1b in C6D6 containing 

the side product BrSi(TMS)2Si(iPr)3 (peaks without annotation)  * unknown impurity. 
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Figure S5: 13C-NMR spectrum of the crude product mixture of silylen 1a / silepin 1b in C6D6 containing 

the side product BrSi(TMS)2Si(iPr)3 (peaks marked). 

Figure S6: 29Si-NMR spectrum of the crude product mixture of silylen 1a / silepin 1b in C6D6 containing 

the side product BrSi(TMS)2Si(iPr)3. 
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Figure S7: 1H-NMR spectrum of the sideproduct BrSi(TMS)2Si(iPr)3 in C6D6 as reference 

Figure S8: 13C-NMR spectrum of the sideproduct BrSi(TMS)2Si(iPr)3 in C6D6 as reference. 
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Figure S9: 29Si-NMR spectrum of the sideproduct BrSi(TMS)2Si(iPr)3 in C6D6 as reference 
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Figure S10: VT-1H-NMR experiments of 1a/b in toluene-d8 with assigned ratio silepin : silylen 
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Figure S11: 29Si-VT NMR experiments of 1a/b in toluene-d8. 

 

 

 

 



 

74 
 

 

Figure S12: LIFDI-MS spectrum of 1a/b  intensities of the isotope pattern differ supposedly due to 

overlap with [13C]4C38H75N3Si52· 

 

Variable Temperature (VT) UV-Vis Measurement of compound 1a / 1b 

 

Variable Temperature (VT) UV-VIS spectroscopy experiments were performed in a range between r.t. 

and +60°C in a 0.50 mM solution of the silepin 1b / silylen 1a mixture in hexane. Within this 

concentration a reasonable signal of the characteristic “forbidden” n → 3p transition of compound 1a 

at 595nm can be oserved whereas simultaneously the intense absorption of the expected Silepin 

maxima at 390 nm can be observed in an intensity under 2. Spectra were measured between a range 

of 300 to 800nm. 

Extinktion coefficient: 

1b (390nm): ε = 62133 
𝐿

𝑚𝑜𝑙
 

1a (595nm): ε = 2659 
𝐿

𝑚𝑜𝑙
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Figure S13: UV-Vis spectrum of 1a / 1b at room temperature.  

Figure S14: UV-Vis spectra at variable temperatures with focus on λmax(hexane) = 595nm 
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Figure S15: UV-Vis spectra at variable temperatures with focus on λmax(hexane) = 390nm 

Figure S16: Visual representations of a solution of 1a/b in toluene at 120°C oil bath temperature (left)  

room temperature (middle) and -20°C (right). 

Synthesis of CO2 activation product 2 

A solution of compound 1a/b (100 mg  0.13 mmol) in toluene was frozen in 

liquid nitrogen  degassed  and pressurized with 1.00 bar CO2. Upon warming 

to room temperature  the green solution turns colourless. Evaporation of the 

solvent yields 105 mg of the crude product (0.12 mmol  97%). Compound 2 can 

be recrystallized from a cooled concentrated toluene solution as a pure 

compound in 89% total yield (96.0 mg  0.11mmol). 

The compound exhibits a 29Si-NMR shift at -31.9ppm which is slightly downfield shifted but close to the 

shift of the previously reported compounds I and J (-35.0 and -43.0ppm  see article) as well as other 

comparable sila-carbonate compounds (see sources [6d] and [20] in the main article) 
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1H NMR (500 MHz  C6D6  r.t.): δ = 7.24 (dd  2H  ArH)  7.14(m  4H  ArH)  5.96(s  2H  N-CH)  2.97 

(hept  4H  Ar-CH)  1.48 (d  12H  CH3)  1.21 (m  3H  Si-CH)  1.08 (d  18H  Si(iPr)3)  1.04 (d  12H  

CH3)  0.21 (s  18H  TMS). 

 

13C NMR (126 MHz  C6D6  r.t.): δ = 150.7 (CO3)  147.1 (C-Ar)  133.5 (NCN)  130.5 (C-Ar)  

124.8(ArH)  124.6(ArH)  116.5 (N-CH)  29.2 (Ar-CH)  25.8 (CH3)  22.9 (CH3)  20.5 (Si(iPr)3)  14.6 

(Si-CH)  3.67 (TMS). 

 

29Si NMR (99 MHz  C6D6  r.t.): δ = 14.85 (Si(iPr)3)  -9.65 (TMS)  -31.88 (central Si)  -136.09 

(Si(TMS)2). 

 

M.p.: 128°C (decomp.) 

LIFDI-MS: Calculated for C40H66N3O3Si4 (TMS abstraction).:  748.4181 

  Observed      748.4121 

 

 

 

 

Figure S17: 1H-NMR spectrum of CO2 activation product 2 in C6D6. 
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Figure S18: 13C-NMR spectrum of CO2 activation product 2 in C6D6. 

 

Figure S19: 29Si-NMR spectrum of CO2 activation product 2 in C6D6. 
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Figure S20: LIFDI-MS spectrum of 2. 

 

 

 

Figure S21: Proposed reaction mechanism of the formation of 2.  
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Synthesis of ethylene activation product 3 

Compound 1a/b (100 mg  0.13 mmol) in toluene was frozen in liquid nitrogen  

degassed  and pressurized with 1.00 bar ethylen. Upon warming to room 

temperature  the green solution turns colourless. Evaporation of the solvent 

yields 95.0 mg of the crude product (0.12 mmol  91%). Compound 3 can be 

recrystallized from a cooled concentrated hexane solution as a pure compound 

in 75% total yield (77.7 mg  0.09mmol). 

Compound 3 shows a 29Si-NMR shift of the central Si atom at -98.8pmm  comparable with related 

siliranes (-174.5 to -80.76ppm) and a typical multiplet of the ethylene moiety in the 1H-NMR at 0.02 

ppm (see source [5] in the main article). 

1H NMR (500 MHz  C6D6  r.t.): δ = 7.22 (dd  2H  ArH)  7.15 (m  4H  ArH)  5.88 (s  2H  N-CH)  3.16 

(hept  4H  Ar-CH)  1.47 (d  12H  CH3)  1.37 (q  3H  Si-CH)  1.22 (d  18H  Si(iPr)3)  1.11 (d  12H  

CH3)  0.25 (s  18H  TMS)  0.02 (m  4H  CH2-CH2) 

 

13C NMR (126 MHz  C6D6  r.t.): δ = 147.6 (C-Ar)  142.2 (NCN)  135.8 (C-Ar)  129.7 (ArH)  124.4 

(ArH)  115.6 (N-CH)  28.9 (Ar-CH)  25.7 (CH3)  23.1 (CH3)  20.8 (Si(iPr)3)  14.8 (Si-CH)  4.60 (Si-

CH2)  4.11 (TMS). 

 

29Si NMR (99 MHz  C6D6  r.t.): δ = 11.48 (Si(iPr)3)  -10.54 (TMS)  -98.76 (central Si)  -129.26 

(Si(TMS)2). 

M.p.: 148°C (decomposition  partial reformation of compound 1a/b under ethylene cleavage)  

LIFDI-MS: Calculated for C44H79N3Si5:   789.5120 

  Observed    789.5131 
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Figure S22: 1H-NMR spectrum of ethylene activation product 3 in C6D6. 

 

Figure S23: 13C-NMR spectrum of ethylene activation product 3 in C6D6. 
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Figure S24: 29Si-NMR spectrum of ethylene activation product 3 in C6D6. 

 

Figure S25: 1H-NMR spectrum in C6D6 of the decomposition of 3 at 100°C with trace amounts of 1a/b 

observable 
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Figure S26: LIFDI-MS spectrum of 3 

Synthesis of ethylene insertion product 4. 

A solution of compound 2 (50mg  63.25 μmol) in toluene was degassed  

pressurized with 1.00 bar ethylen. and heated to 80°C for five hours. NMR 

data indicate quantitative conversion to the insertion product 6. After 

evaporation of the solvent the crude product was crystallized in 

Acetonitrile at r.t. to afford 47.0 mg (57.41 μmol  91%) of compound 4. 

The central silicon atom of 4 has a 29Si-NMR shift of -77.3ppm meaning a 

distinguishable highfield shift compared to the precursor. The signal is also in a similar range as the 

related ethylene insertion compound of a disilene published by Rieger with a silicon NMR shift of -51.9 

ppm. The 1H-NMR of 4 shows two additional multiplets  each corresponding to a CH2 group of the 

inserted ethylene at 0.03 ppm and 0.40 ppm  and a multiplet at 0.91 ppm corresponding to the silirane 

CH2 groups (see source [5d] in the main article). 

1H NMR (500 MHz  C6D6  r.t.): δ = 7.26 (dd  2H  ArH)  7.14 (m  4H  ArH)  5.89 (s  2H  N-CH)  3.07 

(hept  4H  Ar-CH)  1.41 (d  12H  CH3)  1.23 (m  3H  Si-CH)  1.18 (d  12H  CH3)  1.14 (d  18H  

Si(iPr)3)  0.91 (m  4H  CH2-cyclic)  0.41 (m  2H  Si(central)-CH2)  0.28 (s  18H  TMS)  0.03 (m  2H  

Si-CH2). 

 

13C NMR (126 MHz  C6D6  r.t.): δ = 147.8 (C-Ar)  142.9 (NCN)  134.3 (C-Ar)  129.8 (ArH)  124.1 

(ArH)  114.1 (N-CH)  29.0 (Ar-CH)  24.2 (CH3)  23.9 (CH3)  20.6 (Si(iPr)3)  13.8 (Si-CH)  13.5 

(central Si-CH2)  3.71 (Si-CH2)  2.82 (TMS)  1.20 (CH2-cyclic). 

 

29Si NMR (99 MHz  C6D6  r.t.): δ = 8.41 (Si(iPr)3)  -12.87 (TMS)  -77.25 (central Si)  -77.46 

(Si(TMS)2). 

m.p.: 101°C 
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LIFDI-MS: Calculated for C44H79N3Si5 (C2H4 abstraction):   789.5120 

  Observed       789.5097 

 

Figure S27: 1H-NMR spectrum of the ethylene insertion product 4 in C6D6.  

 

Figure S28: 13C-NMR spectrum of the ethylene insertion product 4 in C6D6. 
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Figure S29: 29Si-NMR spectrum of the ethylene insertion product 4 in C6D6. 

 

 

Figure S30: LIFDI-MS spectrum of 4. 
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Synthesis of hydrogen activation product 5 

A solution of compound 1a/b (100mg  0.13 mmol) in toluene was frozen 

in liquid nitrogen  degassed  and pressurized with 1.00 bar hydrogen gas. 

After warming to room temperature  the reaction mixture was heated to 

80°C for two hours wherein a gradual colour change from green to light 

yellow can be observed.  Evaporation of the solvent and recrystallization 

of the crude product in hexane yields compound 5 in 72% yield as an off-

white solid (72.10 mg  0.09 mmol). 

The central silicon of 5 has a 29Si-NMR shift of -55.1 ppm (compared to I with a shift of -60.7 ppm). The 
1H-NMR shows a singlet with two additional satellite signals at 4.80 ppm due to Si-H coupling with a 

typical coupling constant of 187.8Hz (see source [13] in the main article]. 

1H NMR (500 MHz  C6D6  r.t.): δ = 7.25 (dd  2H  ArH)  7.13 (m  4H  ArH)  5.91 (s  2H  N-CH)  4.80 

(s  2H  SiH2)  3.18 (hept  4H  Ar-CH)  1.45 (d  12H  CH3)  1.23 (m  3H  Si-CH)  1.17 (d  12H  CH3)  

1.13 (d  18H  Si(iPr)3)  0.28 (s  18H  TMS). 

 

13C NMR (126 MHz  C6D6  r.t.): δ = 148.3 (C-Ar)  134.9 (C-Ar)  129.8 (ArH)  123.9 (ArH)  115.2 

(N-CH)  29.1 (CH)  25.0 (CH3)  23.0 (CH3)  20.5 (Si(iPr)3)  14.3 (Si-CH)  3.75 (TMS). 

 

29Si NMR (99 MHz  C6D6  r.t.): δ = 14.44 (Si(iPr)3)  -9.65 (TMS)  -55.11 (central Si)  -140.64 

(Si(TMS)2). 

m.p.: 131°C 

LIFDI-MS: Calculated for C42H77N3Si5:   763.4964 

  Observed    763.4898 
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Figure S31: 1H-NMR spectrum of H2 activation product 5 in C6D6. 

 

Figure S32: 13C-NMR spectrum of H2 activation product 5 in C6D6. 
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Figure S33: 29Si-NMR spectrum of H2 activation product 5 in C6D6. 

 

Figure S34: LIFDI-MS spectrum of 5. 
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Synthesis of N2O activation product 6. 

A solution of compound 1a/b (100mg  0.13 mmol) in hexane was frozen in 

liquid nitrogen  degassed  and pressurized with 1.00 bar N2O. Upon warming 

to room temperature  a fast colour change from green to orange to 

colourless can be observed. Concentration and crystallization at -35°C yields 

68% of compound 6 (72.0 mg  0.09mmol). 

Compound 6 central NHI substituted Si atom resonates at 38.7 ppm in the 
29Si-NMR  and the TMS substituted Si atom is observed at -79.2 ppm. While 

the latter is comparable to other cyclodisiloxanes (-13.7ppm - -82.9ppm[4c, 18-20]) the central silicon 

is considerably downfield shifted  presumably due to the additional electron withdrawing siloxy 

substituent (see sources 4c and 20 in the main article and source S4). 

1H NMR (500 MHz  C6D6  r.t.): δ = 7.19 (dd  2H  ArH)  7.13 (m  4H  ArH)  5.99 (s  2H  N-CH)  3.18 

(hept  4H  Ar-CH)  1.39 (d  12H  CH3)  1.24 (m  3H  Si-CH)  1.17 (d  18H  Si(iPr)3)  1.09 (d  12H  

CH3)  0.18 (s  9H  TMS)  0.16 (9H  TMS). 

 

13C NMR (126 MHz  C6D6  r.t.): δ = 147.5 (C-Ar)  144.5 (NCN)  134.2 (C-Ar)  129.6 (ArH)  124.2 

(ArH)  115.3 (N-CH)  28.8 (Ar-CH)  25.7 (CH3)  23.7 (CH3)  20.2 (Si(iPr)3)  12.8 (Si-CH)  2.48(TMS)  

-1.20 (O-TMS). 

 

29Si NMR (99 MHz  C6D6  r.t.): δ = 38.73 (central Si)  7.28 (O-TMS)  -2.90 (Si(iPr)3)  -21.36 (TMS)  

-79.24 (Si(TMS)). 

 

MP: 218°C (decomp.) 

 

LIFDI-MS: Calculated for C439H66N3Si4O3 (TMS abstraction):   736.4181 

  Observed       736.4101 
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Figure S35: 1H-NMR spectrum of N2O activation product 6 in C6D6. 

 

Figure S36: 13C-NMR spectrum of N2O activation product 6 in C6D6. 
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Figure S37: 29Si-NMR spectrum of N2O activation product 6 in C6D6. 

 

 

 

 

Figure S38: LIFDI-MS spectrum of 6. 
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2. X-ray Crystallographic Data 

Single crystal diffraction data were recorded on a Bruker instrument equipped with a Helios optic 

monochromator, a Mo IMS microsource (λ = 0.71073 Å) or a TXS rotating anode with Photon area 

detectors. The data collection was performed, using the APEX III software packageS4 on single crystals 

coated with Fomblin®Y as perfluorinated ether. The single crystals were picked on a MiTiGen 

MicroMount microsampler, transferred to the diffractometer and measured frozen under a stream of cold 

nitrogen (100 K). A matrix scan was used to determine the initial lattice parameters. Reflections were 

merged and corrected for Lorenz and polarization effects, scan speed, and background using SAINT.S5 

Absorption corrections, including odd and even ordered spherical harmonics were performed using 

SADABS.S5 Space group assignments were based upon systematic absences, E statistics, and 

successful refinement of the structures. Structures were solved by direct methods with the aid of 

successive difference Fourier maps and were refined against all data using the APEX III software in 

conjunction with SHELXL-2014S6 and SHELXLE.S7 H atoms were placed in calculated positions and 

refined using a riding model, with methylene and aromatic C–H distances of 0.99 and 0.95 Å, 

respectively, and Uiso(H) = 1.2·Ueq(C). Non-hydrogen atoms were refined with anisotropic 

displacement parameters. Full-matrix least-squares refinements were carried out by minimizing Σw(Fo2-

Fc2)2 with the SHELXL-97 weighting scheme.S8 Neutral atom scattering factors for all atoms and 

anomalous dispersion corrections for the non-hydrogen atoms were taken from International Tables for 

Crystallography.S9 The images of the crystal structures were generated by Mercury.S10 The CCDC 

numbers CCDC-2192058 and CCDC-2192059 contain the supplementary crystallographic data for the 

structures 1b and 6. These data can be obtained free of charge from the Cambridge Crystallographic 

Data Centre via https://www.ccdc.cam.ac.uk/structures/.    

Table S1: Crystallographic data of 1b and 6. 

 compound_1b compound_6   

CCDC Number 2192058 2192059   

Crystal data  

Chemical formula C42H75N3Si5 C42H75N3O3Si5   

Mr 762.50 810.50   

Crystal system, space group Triclinic, P1̅ Monoclinic, P21/n   

Temperature (K) 100 123   

a (Å),  
b (Å),  
c (Å) 

10.9920(5),  

12.9738(6),  

17.5214(7) 

10.8516(10),  

15.7916(16),  

28.090(3) 

  

α (°),  

β (°),  

γ (°) 

98.120(2),  

98.473(3),  

110.847(1) 

90,  

93.338(3),  

90 

  

V (Å3) 2258.35(18) 4805.5(8)   

Z 2 4   

F(000) 836 1768   

Radiation type Mo Kα Mo Kα   

Reflection No. for cell meas. 9903 9384   

θ range (°) for cell meas. 2.3 – 25.6 2.5 – 25.4   

µ (mm–1) 0.19 0.19   

Crystal shape Fragment Fragment   
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Color Clear colorless Clear colorless   

Crystal size (mm) 0.15 × 0.14 × 0.06 0.39 × 0.17 × 0.11   

Data collection 

Diffractometer Bruker Photon CMOS Bruker Photon CMOS 

Radiation source IMS microsource TXS rotating anode 

Detector resolution (p mm-1) 16 16 

Scan method φ– and ω–rotation scans φ– and ω–rotation scans 

Absorption correction Multi-scan Multi-scan 

Tmin, Tmax 0.714, 0.745 0.700, 0.745 

No. of meas., indep. and 

obs. [I > 2σ(I)] reflections 
55813, 8588, 7222 258117, 8780, 7837 

Rint 0.064 0.042 

θ values (°) θmax = 25.7, θmin = 2.0 θmax = 25.4, θmin = 2.4 

(sin θ/λ)max (Å–1) 0.610 0.602 

Range of h, k, l h = –13→13,  
k = –15→15,  
l = –19→21 

h = –12→13,  
k = –19→19, 
 l = –33→33 

 

Refinement 

Refinement on F2 F2 

R[F2 > 2σ(F2)], wR(F2), S 0.035, 0.086, 1.01 0.032, 0.097, 1.03 

No. of reflections 8588 8780 

No. of parameters 471 498 

H-atom treatment H-atom parameters constrained H-atom parameters constrained 

Weighting scheme W = 1/[Σ2(FO
2) + (0.0332P)2 + 1.2702P] 

WHERE P = (FO
2 + 2FC

2)/3 
W = 1/[Σ2(FO

2) + (0.059P)2 + 1.9597P] 

WHERE P = (FO
2 + 2FC

2)/3 

Δρmax, Δρmin (e Å–3) 0.29, –0.24 0.55, –0.26 
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3. Computational Details 

Calculation were carried out using ORCA 5.0.2 and ORCA 5.0.3 software.[11] The geometries of all 

compounds were optimized at the PBE0 [12] level of theory with the atom-pairwise dispersion correction 

with the Becke-Johnson damping scheme (D3BJ)[13]  and  def2-TZVP basis set [14] for all atoms. The 

method is denoted as PBE0-D3/def2-TZVP. The optimized geometries were verified as minima or 

transition states by analytical frequency calculations. The calculations were accelerated by resolution-

of-identity (RI) approximation with def2/J auxiliary basis set.[15]  The transition states were located using 

Nudged Elastic Band method (NEB).[16] The transition states were verified by the corresponding IRC 

calculations. The reported energies (Table S1)  properties and TD-DTF (Tables S2  S3) results are at the 

PBE0-D3/def2-TZVP//PBE0-D3/def2-TZVP level of theory. 29Si NMR chemical shifts were calculated at 

the HCTH407[17]/6-311+G(2d)[18]//PBE0-D3/def2-TZVP level of theory. The HCTH407/6-311+G(2d) 

method has been previously shown to reliably predict 29Si NMR chemical shifts.[19] The 29Si NMR 

calculations were carried out using Gaussian 16  Revision C.01 software.[21] NBO 7 software was used 

for NBO analysis.[20] Cartesian coordinates of all optimized geometries are attached in a separate single 

file (calculated_structurs.xyz) in .xyz format for convenient viewing with widely available molecular 

modeling packages.   

Table S2. Energies (Eh) (E – electronic energy; H – total enthalpy; G – Gibbs energy) and imaginary 

frequencies (im. freq.) (cm-1) of the calculated compounds.  

Compound E H G im. freq. 

1a -3255.56174936 -3254.40459674 -3254.56130963  

TS(1a-A) -3255.54207129 -3254.38707248 -3254.54118183 -165.53 

A_1 -3255.55071574 -3254.39443367 -3254.54920105  

TS(A_1b) -3255.53713951 -3254.38265231 -3254.53643768 -306.56 

1b -3255.56599264 -3254.40911371 -3254.56322683  

I’ -3019.89037201 -3018.91344751 -3019.05684830  

TS(I’-A) -3019.87373688 -3018.89908303 -3019.03945553 -171.37 

A_I -3019.88239769 -3018.90659665 -3019.04786762  

TS(A_I) -3019.86676534 -3018.89291006 -3019.03385145 -275.90 

I -3019.89743153 -3018.92163698 -3019.06282684  

J’ -2265.83057800 -2264.83002668 -2264.95723596  

TS(J’-A) -2265.81085718 -2264.81204173 -2264.93607605 -177.10 

A_J -2265.82239704 -2264.82256135 -2264.94807865  

TS(A_J) -2265.80616585 -2264.80818880 -2264.93261206 -249.50 

J -2265.83488085 -2264.83500632 -2264.96062674  

Electronic structure of silylene 1a. 

NBO analysis shows a lone pair (NBO 71) on the central Si atom with occupancy of 1.93 el. and a σ(Si1-

Si2) bond (NBO 76) (Figure S38). In the carbene moiety both nitrogens possess a lone pair (NBO 74  

NBO 75) and a double bond is present between C2 and C3 (NBO 99  only the π bond is shown). N1 a 

double bond with C1. The corresponding σ(N1-C1) with occupancy of 1.98 (NBO 89) and a slightly 

polarized π(N1-C1) (69.7%/30.3%)  (NBO 90) are presented. Additionally  N1 contains two lope pairs: the 

σ-type lone pair with occupancy 1.73 (NBO72) and a π-type lone pair with occupancy of 1.66 (NBO 73). 

Second order perturbation theory analysis shows high donor acceptor interactions (DAI) between these 

lone pairs and the empty p orbitals of Si1 (NBO 210 and NBO 211): NBO 72 → NBO 210  DAI = 153.79 

kcal mol-1; NBO 72 → NBO 211 DAI = 18.5 kcal mol-1; NBO 73 → NBO 211  DAI = 55.6 kcal mol-1. An 

interaction between the π(N1-C1) (NBO 90) and the p(Si) NBO 210 of 35.3 kcal mol-1  is also present. 
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Additional donor acceptor interactions are observed between the nitrogen lone pair and the 

antibonding C1-N2 and C1-N3 orbitals: NBO 73 → NBO 227  DAI = 25.5 kcal mol-1; NBO 73 → NBO 230  

26.0 kcal mol-1.  

NLMO 72 and NLMO 73 correspond mainly to the nitrogen σ-type and π-type lone pairs interacting 

with the empty p orbitals of Si. These NLMO represent two highly polarized silicon nitrogen bonds.  

 

NRT analysis was carried out on the local subset of atoms Si1  Si2  N  N2  N3  C1  C2 and C3. The 

resonance structures with dominance of >1.6%  representing 88.7% of all resonance structures (36 in 

total) are presented in Figure S40. R1  R’  R3  R5  R6  R’’’  R10  R11  R15  R16  which are 61.7%  are 

resonance structures with Si-N double bond and R7 (5.95% - triple bond). In all of the 36 structures  

73.3 % resonance weights show a multiple bond between Si1 and N1.   The Resonance Natural Bond 

Orbital (RNBO) analysis of resonance-averaged NLMOs for 24 leading structures (using 1.0% weight 

threshold) shows a double bonding interaction between Si1 and N1. The first bonding interaction 

Figure S39. Selected NBO of 1a. 

Figure S40. Selected NLMOs of 1a. 
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contains 12.9% of electron density on the p orbital of silicon (s( 14.7%); p ( 84.1%))  and 86.0 % of 

electron density of the sp orbital of nitrogen (s( 56.34%); p( 43.35%)). The second bonding interaction 

contains 11.2% of electron density mainly on the p orbital of silicon (s(  0.04%) p( 97.40%))  82.5% of 

electron density mainly of the sp orbital of nitrogen (s(0.0%); p( 99.81%)) and 3.96% of electron density 

mainly of the p orbital of C1 (s( 0.0.%); p( 98.71%)). The results are indicative of highly polarized double 

bonding interaction between Si and N.  

 

 

Figure S41. NRT analysis of 1a. Hydrogens are omitted for clarity.  

* In R’  R’’  R’’’ and R’’’’ resonance structure R2 and R30  R9 and R12  R8 and R32  R14 and R17  

respectively  are equivalent.  
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Table S3. TD-DFT calculated excites states (S1-S10) and the corresponding Natural Transition Orbitals 

(NTOs) for S1-S4 of 1a. 

STATE Transitions fosc E (cm-1) λ (nm) NTOs 

S1 208a →  209a :     0.985345 (c=  0.99264553)  

 

0.001976399 17005.1 588.1 208a → 209a  : n=  0.99498273  

207a → 210a  : n=  0.00109171 

S2 208a → 210a  :     0.990553 (c= -0.99526550) 

 

0.011550258 24610.2  406.3 208a → 209a  : n=  0.99740320 

S3 208a → 211a  :    0.983391  (c= -0.99166068) 0.009817122 26576.7 376.3 208a → 209a  : n=  0.99835678 

S4 208a → 212a  :     0.966249 (c=  0.98297951) 

208a → 213a  :     0.019993 (c= -0.14139711) 

0.002646724 26861.0  372.3 208a → 209a  : n=  0.99899671 

S5 208a -> 212a  :     0.020694 (c= -0.14385576) 

208a -> 213a  :     0.973806 (c= -0.98681628) 

0.000674102 27295.0 366.4  

S6 205a -> 209a  :     0.011555 (c= -0.10749440) 

206a -> 209a  :     0.020010 (c= -0.14145575) 

207a -> 209a  :     0.930629 (c=  0.96469138) 

208a -> 215a  :     0.019002 (c= -0.13784663) 

0.004205121 32810.8 304.8  

S7 206a -> 209a  :     0.432086 (c=  0.65733227) 

208a -> 214a  :     0.033475 (c=  0.18296186) 

208a -> 215a  :     0.476059 (c= -0.68996994) 

208a -> 218a  :     0.023923 (c=  0.15467026) 

0.074448304 33177.9 301.4  

S8 205a -> 209a  :     0.321505 (c= -0.56701380) 

206a -> 209a  :     0.306196 (c= -0.55334983) 

207a -> 209a  :     0.044166 (c= -0.21015679) 

208a -> 215a  :     0.156763 (c= -0.39593275) 

208a -> 216a  :     0.031936 (c=  0.17870637) 

208a -> 218a  :     0.102856 (c=  0.32071199) 

0.052019466 33419.7 299.2  

S9 205a -> 209a  :     0.114651 (c= -0.33860097) 

208a -> 214a  :     0.580112 (c=  0.76165064) 

208a -> 215a  :     0.034218 (c=  0.18498086) 

208a -> 216a  :     0.070259 (c= -0.26506372) 

208a -> 217a  :     0.046358 (c= -0.21530828) 

208a -> 218a  :     0.132576 (c= -0.36411001) 

0.018265535 34308.8 291.5  

S10  205a -> 209a  :     0.203404 (c= -0.45100308) 

 208a -> 214a  :     0.352902 (c= -0.59405596) 

 208a -> 215a  :     0.015403 (c= -0.12410897) 

 208a -> 216a  :     0.160328 (c= -0.40040930) 

 208a -> 217a  :     0.059040 (c= -0.24298217) 

 208a -> 218a  :     0.176151 (c= -0.41970302) 

0.009910329 34423.3 290.5  

 

 

Figure S43. NTOs (donor – bottom  acceptor - top) of 1a for S1-S4. For clarity  hydrogens are omitted 

and the Me and i-Pr substituents are shown as wireframes.    
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Table S4. TD-DFT calculated excites states (S1-S10) and the corresponding Natural Transition Orbitals 

(NTOs) for S1 of 1b. 

STATE Transitions fosc E (cm-1) λ (nm) NTOs 

S1 208a → 209a  :     0.954865 (c=  0.97717196) 0.062872852 24350.2 410.7 208a → 209a  : n=  0.98170093 

207a → 210a  : n=  0.00905746 

206a → 211a  : n=  0.00154582 

205a → 212a  : n=  0.00141740 

S2 204a -> 209a  :     0.029903 (c=  0.17292561) 

207a -> 209a  :     0.724474 (c=  0.85116053) 

208a -> 211a  :     0.172493 (c=  0.41532309) 

208a -> 212a  :     0.033735 (c=  0.18367082) 

0.014549195 32176.8 310.8   

S3 207a -> 210a  :     0.018387 (c= -0.13559695) 

208a -> 210a  :     0.962391 (c= -0.98101525) 

0.042630963 33048.0 302.6   

S4 198a -> 209a  :     0.012232 (c=  0.11060034) 

202a -> 209a  :     0.025813 (c= -0.16066336) 

204a -> 209a  :     0.014534 (c= -0.12055890) 

206a -> 209a  :     0.020168 (c=  0.14201265) 

207a -> 209a  :     0.177061 (c=  0.42078562) 

208a -> 211a  :     0.665605 (c= -0.81584613) 

208a -> 212a  :     0.025837 (c= -0.16073827) 

0.082098448 33572.8 297.9   

S5 204a -> 209a  :     0.010945 (c= -0.10461602) 

207a -> 212a  :     0.010288 (c= -0.10143207) 

208a -> 211a  :     0.075163 (c=  0.27415881) 

208a -> 212a  :     0.857181 (c= -0.92584057) 

0.010071353 34723.6 288.0   

S6 205a -> 209a  :     0.029386 (c= -0.17142240) 

206a -> 209a  :     0.869223 (c=  0.93232147) 

208a -> 213a  :     0.047378 (c= -0.21766395) 

208a -> 215a  :     0.011774 (c=  0.10850657) 

0.010478127 35854.5 278.9   

S7 204a -> 209a  :     0.015400 (c=  0.12409515) 

205a -> 209a  :     0.896238 (c=  0.94669832) 

206a -> 209a  :     0.026404 (c=  0.16249277) 

207a -> 209a  :     0.010159 (c= -0.10079175) 

0.017226860 36376.0 274.9   

S8 205a -> 209a  :     0.018982 (c=  0.13777586) 

206a -> 209a  :     0.028542 (c= -0.16894354) 

208a -> 213a  :     0.859801 (c= -0.92725466) 

208a -> 215a  :     0.024412 (c= -0.15624486) 

0.012508754 37139.6 269.3   

S9 199a -> 209a  :     0.030421 (c=  0.17441636) 

200a -> 209a  :     0.012906 (c=  0.11360614) 

204a -> 209a  :     0.669800 (c= -0.81841318) 

205a -> 209a  :     0.024135 (c=  0.15535415) 

207a -> 211a  :     0.099168 (c=  0.31490963) 

207a -> 212a  :     0.041076 (c=  0.20267191) 

208a -> 211a  :     0.016547 (c=  0.12863523) 

208a -> 212a  :     0.023530 (c=  0.15339647) 

0.032067383 37698.5 265.3   

S10 199a -> 209a  :     0.054577 (c= -0.23361784) 

200a -> 209a  :     0.024232 (c= -0.15566740) 

202a -> 209a  :     0.424409 (c=  0.65146646) 

203a -> 209a  :     0.018122 (c= -0.13461947) 

204a -> 209a  :     0.019206 (c= -0.13858622) 

208a -> 214a  :     0.249448 (c=  0.49944757) 

208a -> 215a  :     0.166291 (c= -0.40778758) 

0.004938909 38650.5 258.7   
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Figure S44. NTOs (donor – bottom  acceptor - top) of 1b for S1. For clarity  hydrogens are omitted and 

the Me and i-Pr substituents are shown as wireframes.    
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1. Experimental 

 

A) General Methods and Instrumentation 

All manipulations were carried out under argon atmosphere using standard Schlenk or 

glovebox techniques and glassware was flame-dried before use. Unless otherwise stated, 

all chemicals were purchased from Sigma-Aldrich or ABCR and used as received. All 

solvents were refluxed over sodium/benzophenone, distilled, and deoxygenated before 

use. 

 

Deuterated benzene (C6D6), deuterated chloroform (CDCl3) and deuterated THF (THF-d8) 

were obtained from Sigma-Aldrich and were dried over 3 Å molecular sieves. All NMR 

samples were prepared under argon in J. Young PTFE tubes. Nitrogen monoxide (5.0) was 

purchased from Westfalen AG and used as received. 1,3-bis(2,6-diisopropyl phenyl)-2-

methylene-2,3-dihydro-1H-imidazole (DippNHO),  KSi(TMS)3, KSi(TMS)2Si(iPr)3 and 

Cl-Si(tolyl)3 were synthesized according to literature procedures.1,2  

 

NMR spectra were recorded on Bruker AV-500C and AV-400 spectrometers at ambient 

temperature (300 K). 1H, 13C, HMBC, and 29Si NMR spectroscopic chemical shifts δ are 

reported in ppm relative to tetramethylsilane. δ(1H) and δ(13C) were referenced internally 

to the relevant residual solvent resonances. δ(29Si) was referenced to the signal of 

tetramethylsilane (TMS) (δ = 0 ppm) as an external standard.  

 

Liquid Injection Field Desorption Ionization Mass Spectroscopy (LIFDI-MS) was measured 

directly from an inert atmosphere glovebox with a Thermo Fisher Scientific Exactive Plus 

Orbitrap equipped with an ion source from Linden CMS.3 Melting points (m.p.) were 

measured in sealed glass capillaries under argon atmosphere using a Büchi B-540 melting 

point apparatus.  

 

Infrared (IR) spectra were recorded on a Perkin Elmer FT-IR spectrometer (diamond ATR, 

Spectrum Two) in the range of 400–4000 cm–1 at room temperature under an argon 

atmosphere. IR intensity bands are abbreviated as s = strong, m = medium, and w = weak. 

 

UV-Vis spectra were recorded on Agilent Cary 60 UV-Vis spectromether in hexane or thf 

solution. 
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B) Experimental procedures 

Modified literature synthesis of diazoolefin A-1 

 

 

 

 

 

A-1 was synthesized by a modified route of Severin et al. 2.00 g N-heterocyclic olefin DippNHO (4.97 

mmol, 1.00 eq.) and 0.57g KOtBu (4.97 mmol, 1.00 eq.) were dissolved in 50mL DMF in a flame dried 

pressure Schlenk flask. The reaction mixture was degassed by two freeze-pump-thaw cycles and 

pressurized with N2O (1 atm). The solution was heated to 50°C and stirred for three hours, whereas a 

color change from orange to dark red could be observed. The reaction mixture was allowed to cool to 

40°C, and DMF was evaporated under reduced pressure at this temperature. The crude product 

mixture was washed with Et2O (10 mL) and pentane (80 mL) and afterwards extracted with THF (80 

mL). THF was evaporated under reduced pressure and after additional washing with pentane (20 mL) 

the product DippNHO-N2 (A-1) was obtained as a yellow to red powder (1.72 g, 3.98 mmol, 80%). 

Analytical data matched with literature-known data.4 For completeness, a reference 1H-NMR spectrum 

in THF was attached. 

1H NMR (400 MHz, THF-d8, 300 K): δ[ppm]= 7.40 (t, 2H, 3JH,H = 7.8 Hz, Ar-H), 7.25 (d, 4H, 3J H,H = 7.8 Hz, 

Ar-H), 6.88 (s, 2H, NCH), 2.93 (hept, 4H, 3J H,H = 6.9 Hz, CH(CH3)2), 1.32 (d, 12H, 3J H,H = 6.9 Hz, CH(CH3)2), 

1.24 (d, 12H, 3J H,H = 6.9 Hz, CH(CH3)2). 

 

Figure S1: 1H-NMR spectrum of diazoolefin A-1 in THF-d8.  
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Synthesis of germanium complex DippNHO-N2-GeCl2 (1): 

 

 

 

 

 

 

 

At room temperature, 5.00 mL diethylether were added to 108.10 mg GeCl2 dioxane (0.47 mmol, 1.00 

eq.) and 200 mg DippNHO-N2 (0.47 mmol). The suspension was stirred for 3 hours, whereas the 

reaction mixture turned from brown-red to beige. The solution was filtered, and the filtrate was 

washed twice with 3.00 mL of diethyl ether. After drying the solid in a vacuum, the product DippNHO-

N2-GeCl2 was obtained as a beige solid in 79% yield (150 mg, 0.37 mmol). In most cases, approx 6 mol% 

of a non-fully characterized side product can be observed. Crystals suitable for SC-XRD measurement 

were grown from a concentrated THF solution of the product at -35°C. 

1H NMR (400 MHz, THF-d8, 300 K): δ[ppm]= 7.57 (t, 2H, 3JH-H = 7.9 Hz, Ar-H), 7.46 (s, 2H, NCH), 7.39 (d, 

4H, 3JH-H = 7.9 Hz, Ar-H), 2.75 (hept, 4H, 3JH-H = 6.9 Hz, CH(CH3)2), 1.34 (d, 12H, 3JH-H = 6.9 Hz, CH(CH3)2), 

1.24 (d, 12H,3JH-H = 6.9 Hz, CH(CH3)2). 

13C-NMR (100 MHz, THF-d8, 300 K): δ[ppm]= 149.8 (C-imidazole), 147.9 (Ar-C), 133.0 (Ar-C), 132.3 

(Ar-C), 125.9 (C-Ar), 122.9 (NCH), 50.7 (C-N2), 30.2 (CH(CH3)2), 24.9 (CH(CH3)2), 23.6 (CH(CH3)2). 

1H NMR (400 MHz, CDCl3, 300 K): δ[ppm]= 7.56 (t, 2H, 3JH-H = 7.9 Hz Ar-H), 7.33 (d, 4H, 3JH-H = 7.9 Hz Ar-

H), 6.96 (s, 2H, NCH), 2.67 (hept, 4H, 3JH-H = 6.9 Hz, CH(CH3)2), 1.34 (d, 12H, 3JH-H = 6.9 Hz, CH(CH3)2), 

1.23 (d, 12H, 3JH-H = 6.9 Hz, CH(CH3)2). 

13C-NMR (100 MHz, CDCl3, 300 K): δ[ppm]= 149.2 (C-imidazole), 146.9 (Ar-C), 132.5 (Ar-C), 130.6 (Ar-C), 

125.3 (C-Ar), 120.7 (NCH), 50.5 (C-N2), 29.3 (CH(CH3)2), 24.8 (CH(CH3)2), 23.2 (CH(CH3)2). 

IR (solid): �̃� [cm–1] = 2964 (m), 2039 (s) (�̃�-N2), 1503 (s), 1468 (m), 805(m) 

UV-Vis: λmax = 320 nm (ε = 1110 L mol−1 cm−1) 

m.p.: 190-192 °C (decomposition) 

LIFDI-MS: Compound 1 could not be observed in MS spectra. 
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Figure S2: 1H-NMR of germanium complex 1 in THF-d8. Signals of impurity 1’ marked with *. 

 

Figure S3: 13C-NMR spectrum of germanium complex 1 in THF-d8. 
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Figure S4: 1H-NMR spectrum of germanium complex 1 in CDCl3. Signals of impurity 1’ marked with *. 

 

 

Figure S5: 13C-NMR spectrum of germanium complex 1 in CDCl3. 
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Figure S6: IR spectrum (solid) of germanium complex 1. 

 

Figure S7: UV-Vis spectrum of compound 1 in THF; c = 1.9 mM. 
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Synthesis of tin complex DippNHO-N2-SnCl2 (2): 

 

 

 

 

 

At room temperature, 5.00 mL diethylether were added to 88.47 mg SnCl2 (0.47 mmol, 1.00 eq.) and 

200 mg DippNHO-N2 (0.47 mmol). The suspension was stirred for 4 hours, whereas the reaction 

mixture turned from brown-red to beige. The solution was filtered, and the filtrate was washed twice 

with 3.00 mL of diethyl ether. After drying the solid in a vacuum, the product DippNHO-N2-SnCl2 was 

obtained as a beige solid in 68% yield (194 mg, 0.32 mmol). In most cases, approx. 5 mol% of a non-

fully characterized side product can be observed. Crystals suitable for SC-XRD measurement were 

grown from a concentrated THF solution of the product at -35°C.  

1H NMR (400 MHz, THF-d8, 300 K): δ[ppm]= 7.57 (t, 2H, 3JH-H = 7.9 Hz, Ar-H), 7.45 (s, 2H, NCH), 7.41 (d, 

4H, 3JH-H = 7.9 Hz, Ar-H), 2.75 (hept, 4H, 3JH-H = 6.9 Hz, CH(CH3)2), 1.35 (d, 12H, 3JH-H = 6.9 Hz, CH(CH3)2), 

1.25 (d, 12H, 3JH-H = 6.9 Hz, CH(CH3)2).  

 

13C-NMR (100 MHz, THF-d8, 300 K): δ[ppm]= 151.3 (C-imidazole), 148.2 (Ar-C), 133.1 (Ar-C), 132.3 

(Ar-C), 126.2 (C-Ar), 122.5 (NCH), 53.8 (C-N2), 30.2 (CH(CH3)2), 24.8 (CH(CH3)2), 23.8 (CH(CH3)2). 

 

1H NMR (400 MHz, CDCl3, 300 K): δ[ppm]= 7.55 (t, 2H, 3JH-H = 7.9 Hz, Ar-H), 7.35 (d, 4H, 3JH-H = 7.9 Hz, 

Ar-H), 6.95 (s, 2H, NCH), 2.68 (hept, 4H, 3JH-H = 6.9 Hz, CH(CH3)2), 1.35 (d, 12H, 3JH-H = 6.9 Hz, CH(CH3)2), 

1.24 (d, 12H, 3JH-H = 6.9 Hz, CH(CH3)2). 

13C-NMR (400 MHz, CDCl3, 300 K): δ[ppm]= 150.9 (C-imidazole), 147.5 (Ar-C), 132.9 (Ar-C), 131.0 (Ar-C), 

125.9 (C-Ar), 121.1 (NCH), 54.6 (C-N2), 29.6.2 (CH(CH3)2), 25.1 (CH(CH3)2), 23.8 (CH(CH3)2). 

119Sn-NMR (150 MHz, CDCl3, 300 K): δ[ppm]= -36.6. 

IR (solid): �̃� [cm–1] = 2964 (m), 2039 (s) (�̃�-N2), 1506 (s), 1464 (m), 803(m). 

UV-Vis: λmax = 320 nm (ε = 844 L mol−1 cm−1) 

m.p.: 193-197 °C (decomposition). 

LIFDI-MS: Compound 2 could not be observed in MS spectra. 
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Figure S8: 1H-NMR spectrum of tin complex 2 in THF-d8. Signals of impurity 2’ marked with *. 

 
Figure S9: 13C-NMR spectrum of tin complex 2 in THF-d8. 
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Figure S10: 1H-NMR spectrum of tin complex 2 in CDCl3. 

 

 

 
Figure S11: 13C-NMR spectrum of tin complex 2 in CDCl3. 
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Figure S12: 119Sn-NMR spectrum of tin complex 2 in THF-d8 

 

 

Figure S13: IR spectrum (solid) of tin complex 2. 
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Figure S14: UV-Vis spectrum of compound 2 in THF; c = 2.5 mM. 

 

Fomation of non-fully charactized side products in the synthesis of 1 and 2 

 

Stirring of a solution of Diazoolefin A-1 and ECl2 dioxane in THF for 10 min leads to the predominant 

formation of a non-fully characterized compound 1’ or 2’ as the main product (approx. 60 – 70% 

according to NMR) instead of the formation of 1 or 2. Alternatively, a solution of diazoolefin A-1 in 

toluene can be added to a suspension of GeCl2 dioxane in toluene/benzene and stirred for 1h. After 

removal of the solvents NMR analysis in CDCl3 shows the formation of 1’ and 2’in both cases. Due to 

the instable nature of this compound, a proper isolation was not achieved so far. Different purification 

methods failed as the compound decomposes unselectively in various solvents and as solid at room 

temperature within 1 day. Crystallization of a small fraction (about 3% total yield) of 1’ in a 

concentrated thf solution at -35°C in poor quality could be achieved. Crystallization of 2’ was not 

successful. 
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NMR data of 1’: 

1H NMR (400 MHz, THF-d8, 300 K): δ[ppm]= 8.15 (s, 2H, NCH), 7.73 (s, 2H, imidazole-NCH), 7.40 (m, 4H, 

Ar-H), 7.16 (d, 8H, 3JH-H = 7.8 Hz, Ar-H), 2.54 (m, 4H, CH(CH3)2), 2.44 (m, 4H, CH(CH3)2), 1.51 (s, 1H, N2-

CH 1.14 (dd, 24 H, 3JH-H = 6.9 Hz, Imidazol-CH(CH3)2), 0.92 (d, 12H, 3JH-H = 6.7 Hz, CH(CH3)2), 0.67(d, 12H, 

3JH-H = 6.8 Hz, CH(CH3)2).  

 

13C-NMR (100 MHz, THF-d8, 300 K): δ[ppm]= 148.4 (C-imidazole), 147.1 (NCH) 146.4 (NCH), 138.8 (C-

imidazole),133.3 (Ar-C),  130.0 (Ar-C), 129.3 (Ar-C), 126.4 (C-Ar), 126.4 (Ar-C), 125.2 (Ar-C), 125.1 (Ar-

C), 122.9 (Ar-C), 30.5 (C-N2), 30.3 (CH(CH3)2), 30.2 (CH-N2), 25.1 (CH(CH3)2), 24.0 (CH(CH3)2),  23.5 

(CH(CH3)2), 23.3 (CH(CH3)2), 21.9 (CH(CH3)2). 

 

NMR data of 2’:  

 
1H NMR (400 MHz, THF-d8, 300 K): δ[ppm]= 8.16 (s, 2H, NCH), 7.73 (s, 2H, imidazole-NCH), 7.39 (m, 4H, 

Ar-H), 7.15 (d, 8H, 3JH-H = 7.8 Hz, Ar-H), 2.54 (m, 4H, CH(CH3)2), 2.44 (m, 4H, CH(CH3)2), 1.51 (s, 1H, N2-

CH, 1.14 (dd, 24 H, 3JH-H = 6.9Hz, Imidazol-CH(CH3)2), 0.92 (d, 12H, 3JH-H = 6.7 Hz, CH(CH3)2), 0.67(d, 12H, 

3JH-H = 6.8 Hz, CH(CH3)2).  

 

13C-NMR (100 MHz, THF-d8, 300 K): δ[ppm]= 148.1 (C-imidazole), 146.8 (NCH) 146.1 (NCH), 138.5 (C-

imidazole),133.0 (Ar-C),  129.7 (Ar-C), 129.0 (Ar-C), 126.1 (C-Ar), 126.1 (Ar-C), 124.9 (Ar-C), 124.8 (Ar-

C), 122.6 (Ar-C), 30.2 (C-N2), 30.1 (CH(CH3)2), 29.9 (CH-N2), 24.8 (CH(CH3)2), 23.7 (CH(CH3)2),  23.2 

(CH(CH3)2), 23.0 (CH(CH3)2), 21.6 (CH(CH3)2). 
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Figure S15: 1H-NMR of the reaction of A-1 with GeCl2 dioxane in toluene measured in THF-d8. 

Formation of the non-fully characterized side product 1’. Signals of 1 marked with *. 

 

Figure S16: 13C-NMR of the reaction of A-1 with GeCl2 dioxane in toluene measured in THF-d8. 

Formation of the non-fully characterized side product 1’. 

 

Figure S17: 1H-NMR of the reaction of A-1 with SnCl2 dioxane in toluene measured in THF-d8. 

Formation of the non-fully characterized side product 2’. Signals of 2 marked with *. 
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Figure S18: 13C-NMR of the reaction of A-1 with SnCl2 dioxane in toluene measured in THF-d8. 

Formation of the non-fully characterized side product 2’. 

Figure S19: Structure and POV-Ray image of the side product 1’. Data quality was not sufficient for 

publication but adequate to show the atom connectivity of the compound. Space group and 

asymmetric unit: Triclinic, Pi. 
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Synthesis of KSi(TMS)2Si(tolyl)3 

 
 

 

Si(TMS)3Si(tolyl)3 was synthesized according to the synthesis route established by Marschner for 

related compounds.2 A solution of 2.00 g Cl-Si(tolyl)3 (5.90 mmol, 1.00 eq) in 5.00 mL toluene was 

added dropwise to a solution of 1.70 g KSiTMS3 (5.90 mmol, 1.00 eq) in toluene at -78°C. The solution 

was allowed to warm to room temperature and stired for 16 h. After filtration to remove KCl and 

removal of the solvent under reduced pressure Si(TMS)3Si(tolyl)3 remains as a beige solid which was 

used without further purification. 0.73 g KOtBu (6.49 ,mol, 1.10 eq) were added to the silane and the 

mixture was dissolved in 20 mL THF. The solution turned yellow immediately and was allowed to stir 

for 16 h. After filtration and removal of the solvent the crude product was washed with 3 x 10 mL of 

cold hexane (approx.. 0 °C). After drying in vacuum KSi(TMS)2Si(tolyl)3 was obtained as a yellow solid 

in 90 % total yield.   

 
1H-NMR (400 MHz, THF-d8, 300 K): δ[ppm]= 7.47 (d, 6H, 3JH-H = 8.0 Hz, Ar-H), 6.91 (d, 6H, 3JH-H = 8.1 Hz, 

Ar-H), 2.24 (s, 9H, tolyl-Me), -0.08 (s, 18 H, TMS). 
 

13C-NMR (100 MHz, THF-d8, 300 K): δ[ppm]= 143.4 (Ar-C), 137.6 (Ar-C), 136.2 (Ar-C), 129.8 (Ar-C), 129.1 

(Ar-C), 128.0 (Ar-C), 21.7 (tolyl-Me), 7.45 (TMS). 
 

29Si-NMR (100 MHz, THF-d8, 300 K): δ[ppm]= -0.18 (Si(tolyl)3), -6.59 (TMS), -189.8 (central Si) 
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Figure S20: 1H-NMR spectrum of KSi(TMS)2Si(tolyl)3 in THF-d8 

 
Figure S21: 13C-NMR spectrum of KSi(TMS)2Si(tolyl)3 in THF-d8 
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Figure S22: 29Si-NMR spectrum of KSi(TMS)2Si(tolyl)3 

 

 

Synthesis of bis-vinyl germylene (NHO)2-N2-Ge (3) 

 

4 mL THF were added to 100mg DippNHO-GeCl2 (0.18 mmol, 1.00 eq.), 4.62 mg 18-crown-6 (0.02 mmol,  

0.10 eq.) and 50.12 mg KSiTMS3 (0.18 mmol, 1.00 eq.) in a Schlenk flask and the solution was allowed 

to stir for 16 hours at room temperature. After evaporation of the solvent, the remaining solid was 

extracted with 3 x 7 mL pentane. The volume of the solution was reduced and placed in a freezer 

at -35°C to induce crystallization. Yellow to green germylene (NHO)2N2-Ge crystals could be collected 

in a total yield of 57% (45.10 mg, 0.05 eq.), containing approx. 10 mol% of crown ether.  

A similar reaction procedure applies for the usage of the sterically modified silanides (KSi(TMS)2Si(iPr)3 

and KSi(TMS)2Si(tolyl)3) with a respective yield of 49% and 54%. 

1H NMR (400 MHz, C6D6, 300 K): δ[ppm]= 7.26 (t, 4H, 3JH-H = 7.7 Hz, Ar-H), 7.10 (d, 8H, 3JH-H = 7.7 Hz, Ar-

H), 6.14 (s, 4H, NCH), 2.91 (hept, 8H, 3JH-H = 6.9 Hz, CH(CH3)2), 1.18 (d, 24H, 3JH-H = 6.9 Hz, CH(CH3)2), 

1.05 (d, 24H, 3JH-H = 6.9 Hz, CH(CH3)2). 
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1H NMR (400 MHz, THF-d8, 300 K): δ[ppm]= 7.69 (t, 4H, 3JH-H = 7.7 Hz, Ar-H), 6.98 (d, 8H, 3JH-H = 7.7 Hz, 

Ar-H), 6.79 (s, 4H, NCH), 2.73 (hept, 8H, 3JH-H = 6.9 Hz, CH(CH3)2), 1.08 (d, 24H, 3JH-H = 6.9 Hz, CH(CH3)2), 

0.75 (d, 24H, 3JH-H = 6.9 Hz, CH(CH3)2). 

13C-NMR (100 MHz, C6D6, 300 K): δ[ppm]= 166.8 (C-N2), 157.1 (C-imidazole), 146.4 (Ar-C), 136.9 (Ar-C), 

129.1 (Ar-C), 124.2 (C-Ar), 119.0 (NCH), 29.2 (CH(CH3)2), 24.6 (CH(CH3)2), 23.4 (CH(CH3)2). 

13C-NMR (100 MHz, THF-d8, 300 K): δ[ppm]= 166.4 (C-N2), 157.7 (C-imidazole), 147.1 (Ar-C), 137.8 (Ar-

C), 129.2 (Ar-C), 124.4 (C-Ar), 120.2 (NCH), 29.8 (CH(CH3)2), 24.8 (CH(CH3)2), 23.7 (CH(CH3)2). 

m.p.: 255 – 257 °C (decomposition) 

IR (solid): �̃� [cm–1] = 2960 (m), 2865 (m), 1464 (s), 1448 (s). 

 

UV-Vis: λmax = 400 nm (ε = 318 L mol−1 cm−1) 

 

NMR data of main side-products (disilanes): 

[Si(TMS)3]2 

1H NMR (400 MHz, THF-d8, 300 K): δ[ppm]= 0.25 (s, 54 H, TMS) 

13C-NMR (100 MHz, THF-d8, 300 K): δ[ppm]= 3.17 (TMS). 

29Si-NMR (100 MHz, THF-d8, 300 K): δ[ppm]= -9.95 (TMS), -136.3 (cental Si). 

 

[Si(TMS)2Si(iPr)3]2 

1H NMR (400 MHz, THF-d8, 300 K): δ[ppm]= 1.19 (m, 6 H, SiCH(CH3)2), 1.16 (d, 3JH-H = 7.75 Hz, 36H, 

SiCH(CH3)2), 0.28 (s, 36 H, TMS). 

13C-NMR (100 MHz, THF-d8, 300 K): δ[ppm]= 20.8 (SiCH(CH3)2), 14.4 (SiCH(CH3)2), 0.99 (TMS). 

29Si-NMR (100 MHz, THF-d8, 300 K): δ[ppm]= -11.9 (TMS), -21.1 (Si(iPr)3), -138.5 (central Si). 

 

[Si(TMS)2Si(tolyl)3]2 

1H NMR (400 MHz, THF-d8, 300 K): δ[ppm]= 7.38 (d, 3JH-H = 7.38 Hz, 12 H, Ar-H), 7.15 (d, 3JH-H = 7.38 Hz, 

12 H, Ar-H), 2.33 (s, 18 H, tolyl-Me), 0.08 (s, 36 H, TMS). 

13C-NMR (100 MHz, THF-d8, 300 K): δ[ppm]= 140.4 (Ar-C), 137.3 (Ar-C), 132.3 (Ar-C), 129.7 (Ar-C), 21.8 

(tolyl-Me), 0.32 (TMS). 

29Si-NMR (100 MHz, THF-d8, 300 K): δ[ppm]= -11.6 (TMS), -25.9 (Si(tolyl)3), -132.5 (central Si). 
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Figure S23: 1H-NMR spectrum of bis-vinyl germylene 3 in C6D6 

 

Figure S24: 13C-NMR spectrum of bis-vinyl germylene 3 in C6D6. 
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Figure S25: HMBC spectrum of bis-vinyl germylene 3 in C6D6. 

 

Figure S26: 1H-NMR spectrum of bis-vinyl germylene 3 in THF-d8. 
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Figure S27: 13C-NMR spectrum of bis-vinyl germylene 3 in THF-d8. 

 

Figure S28: 1H-NMR spectrum of the crude reaction mixture of 1 and KSiTMS3 after 16h. 
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Figure S29: 1H-NMR spectrum oft the reaction mixture of 1 and KSi(TMS)2Si(iPr)3 after 16 h in THF-d8. 

 

Figure S30: 1H-NMR spectrum of the reaction mixture of 1 and KSi(TMS)2Si(tolyl)3 in after 16h in THF-

d8. 
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Figure S31: Overlay of Figure S28, S29 and S30: Formation of the same main product 3 in all 

reactions. 

 

Figure S32: IR spectrum (solid) of bis-vinyl germylene 3. 
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Figure S33: UV-Vis spectrum (hexane solution) of bis-vinyl germylene 3; c = 0.75 mM  

Figure S34: UV-Vis spectrum (hexane solution) of bis-vinyl germylene 3; c = 0.5 mM  
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Figure S35: LIFDI-MS of bis-vinyl germylene 3. 
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2. Single Crystal X-ray structure determination 
 

Single crystal diffraction data were recorded on a Bruker instrument equipped with a Helios optic 

monochromator  a Mo IMS microsource (λ = 0.71073 Å) or a TXS rotating anode with Photon area 

detectors. The data collection was performed using the APEX III software package5 on single crystals 

coated with Fomblin®Y as perfluorinated ether. The single crystals were picked on a MiTiGen 

MicroMount microsampler, transferred to the diffractometer and measured frozen under a stream of 

cold nitrogen (100 K). A matrix scan was used to determine the initial lattice parameters. Reflections 

were merged and corrected for Lorenz and polarization effects, scan speed, and background using 

SAINT.6 Absorption corrections, including odd and even ordered spherical harmonics were performed 

using SADABS.6 Space group assignments were based upon systematic absences, E statistics, and 

successful refinement of the structures. Structures were solved by direct methods with the aid of 

successive difference Fourier maps and were refined against all data using the APEX III software in 

conjunction with SHELXL-20147 and SHELXLE9 or Olex2 software.9 H atoms were placed in calculated 

positions and refined using a riding model, with methylene and aromatic C–H distances of 0.99 and 

0.95 Å, respectively, and Uiso(H) = 1.2·Ueq(C). Non-hydrogen atoms were refined with anisotropic 

displacement parameters. Full-matrix least-squares refinements were carried out by minimizing 

Σw(Fo2-Fc2)2 with the SHELXL-97 weighting scheme.9 Neutral atom scattering factors for all atoms and 

anomalous dispersion corrections for the non-hydrogen atoms were taken from International Tables 

for Crystallography.10 The images of the crystal structures were generated by Mercury.11 The CCDC 

numbers CCDC-2301470, CCDC-2301471 and CCDC-2301472 contain the supplementary 

crystallographic data for the structures 1, 2 and 3. These data can be obtained free of charge from the 

Cambridge Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures/.    
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 compound_1 compound_2 compound_3 

CCDC Number 2301470 2301471 2301472 

Crystal data  

Chemical formula C28H36Cl2GeN4 2(C28H36Cl2N4Sn)·C4H4O·2(C4H8O) C56H72GeN6  

Mr 572.10 1448.72 901.78 

Crystal system, space group Monoclinic, P21/c Monoclinic, Cc Monoclinic, C2/c 

Temperature (K) 100 100 100 

a, b, c (Å) 
9.1689 (6), 16.1850 (9), 22.5667 

(13) 

31.096 (2), 12.7331 (8), 18.1401 

(11) 

39.420 (2), 12.4890 (8), 22.5821 

(13) 

, ,  (°) 90, 94.330 (3), 90 90, 94.162 (3), 90 90, 111.047 (4), 90 

V (Å3) 3339.3 (3) 7163.6 (8) 10375.7 (11) 

Z 4 4 8 

F(000) 1192 2992 3856 

Radiation type Mo K Mo K Mo K 

No. of reflections for cell 

measurement 
9842 9327 

9253 

 range (°) for cell 

measurement 
2.6–37.8 2.6–25.7 

2.4–25.7 

 (mm-1) 1.10 0.90 0.63 

Crystal shape Block Needle Fragment 

Colour Yellow Yellow Yellow 

Crystal size (mm) 0.06 × 0.03 × 0.02 0.66 × 0.37 × 0.23 0.29 × 0.27 × 0.18 

  

Data collection  

Diffractometer Bruker Photon CMOS Bruker Photon CMOS Bruker Photon CMOS 

Radiation source TXS rotating anode IMS microsource IMS microsource 

Detector resolution (p mm-1) 16 16 16 

Scan method phi– and –rotation scans phi– and –rotation scans phi– and –rotation scans 

Absorption correction Multi-scan Multi-scan Multi-scan 

Tmin, Tmax 0.6630, 0.7492 0.620, 0.745 0.666, 0.745 

No. of measured, independent 

and observed  

[I > 2(I)] reflections 

700304, 29697, 21195 175354, 13617, 13537 239774, 9922, 8872 

Rint 0.108 0.050 0.065 

 values (°) max = 25.2, min = 2.2 max = 25.71, min = 2.04 max = 25.78, min = 1.87 

(sin /)max (Å-1) 1.022 0.610 0.612 

Range of h, k, l 
h = -18→18, k = -32→33, 

l = -45→45 

h = -37→37, k = -15→15, 

l = -22→22 

h = -48→48, k = -15→15, 

l = -27→27 

  

Refinement  

Refinement on F2 F2 F2 

R[F2 > 2(F2)], wR(F2), S 0.041, 0.120, 1.03 0.017, 0.044, 1.05 0.036, 0.088, 1.03 

No. of reflections 29697 13617 9922 

No. of parameters 324 822 584 

H-atom treatment H-atom parameters constrained 

H-atoms treated by a mixture of 

independent and constrained 

refinement 

H-atom parameters constrained 
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Weighting scheme 

w = 1/[σ2(Fo
2) + (0.0561P)2 + 

0.6647P] 

 where P = (Fo
2 + 2Fc

2)/3 

w = 1/[σ2(Fo
2) + (0.0204P)2 + 

4.7665P] 

 where P = (Fo
2 + 2Fc

2)/3 

w = 1/[σ2(Fo
2) + (0.0374P)2 + 

18.3191P]  

where P = (Fo
2 + 2Fc

2)/3 

ρmax, ρmin (e Å-3) 0.86, -1.17 0.43, -0.35 0.43, -0.78 

Absolute structure – Flack (1983) – 

Absolute structure parameter – 0.367 (10) – 
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3. Computational details 
Calculations were carried out using Gaussian 16.8 software.13 The geometry of all compounds were 

optimized at the B3LYP14 level of theory. For compound 1, a 6-311+G(d,p) basis set15 was used for all 

atoms. For compound 2, the same basis set was used, except for tin, where an augmented basis set 

has been used that previously showed reliable predictions for tin compounds.16 For compound 3, the 

6-311+G(d,p) basis set was used for germanium. A basis set of 6-31G(d,p) was used for all other atoms. 

Analytical frequency calculations verified the optimized geometries as minima or transition states. 

Cartesian coordinates of all optimized geometries are in a separate file (compounds1-3.xyz) in .xyz 

format. 

 

Table 1: Energies (Eh) (E – electronic energy; H – total enthalpy; G – Gibbs energy) of the calculated 

compounds. 

Compound E H G 

1 -4305.63991183 -4305.012412 -4305.124694 

2 -8249.61703525 -8248.989714 -8249.103181 

3 -4583.07671725 -4581.841017 -4582.008131 

 

Figure S36: Selected Molecular orbitals of compound 1: a) HOMO-1, b) HOMO 

 

Figure S37: Selected Molecular orbitals of compound 2: a) HOMO-1, b) HOMO 

 

 

 

 

 

 

 

 

 

 

a) 

  

b) 
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Figure S38: Selected Molecular orbitals of compound 3: a) HOMO-2, b) HOMO-1, c) HOMO, d) LUMO, 

e) HOMO-3, f) HOMO-11, g) HOMO-12. 

 

Figure S39: Visualization of the theoretical structures of a) 1, b) 2, and c) 3. Hydrogens were omitted 

for clarity. 

 

 

 

 

Figure S40: Selected Wiberg bond indices (black) and NPA charges (red) of a) 1, b) 2 and c)3. 
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NBO analysis 

Germanium adduct 1: 

NBO analysis shows a lone pair (NBO 59, occupancy 1.98) on the terminal N59 atom and a σ (NBO 141) 

and two π bond orbitals (NBO 142 and 143) between N59 and N58. Between the central carbon atom 

C6 and N58 a single bond is present (NBO 81) while between C6 and the carbene carbon C4 a double 

bond is observable (NBO 78 and 79). Between C6 and Ge60 a polarized sp(C-Ge) bond (81.5%/18.5%) 

with an occupancy of 1.81 is shown in NBO 82. The germanium atom possesses a lone pair with 88.4% 

s character (NBO 60) and an empty p-type orbital (92.7%, NBO 150) with an occupancy of 0.44. 

Second order perturbation theory analysis shows donor acceptor interactions (DAI) between the π 

bond of C4 and C6 towards the antibonding π N58-N59 bond of DAI = 42.5 kcal mol-1 (NBO 79 → NBO 

225). Additional donor acceptor interaction into the second π N58 – N59 bond is observed from the 

C6-Ge60 bond (DAI = 22.6 kcal mol-1, NBO 82 → NBO 226).   

 

NBO 59                     NBO 141      NBO 142                NBO 143 

     LP (N59), occ. 1.98         σ(N58-N59), occ 1.99  π (N58-N59), occ 1.98                        π (N58-N59), occ 1.98   

sp0.51            55.5% N58 (sp1.21), 44.5% N59 (sp1.93)            53.8% N58 (99.8% p),                       58.9% N58 (99.5% p),    

46.2% N59 (99.7% p)        41.1% N59 (99.6% p) 

 

NBO 78                           NBO 79                    NBO 81          NBO 82 

        σ(C4-C6), occ 1.96                  π(C4-C6), occ 1.64        σ (C6-N58), occ 1.99                  σ(C6-Ge60), occ 1.81               

52.7% C4 (sp1.46), 47.3% C6 (sp1.54)        35.9% C4(99.9% p),           35.6% C6 (sp2.53),              81.5% C6 (sp2.09), 

                                                                    64.1% C6 (99.9% p)                            64.4% N58 (sp0.84)           18.5% Ge60 (94.4% p)                                                     

              NBO 60            NBO 150             NBO 225                    NBO 226 
        LP Ge60, occ. 1.96                LV Ge60, occ. 0.44                      π* (N58-N59), occ 0.43 π* (N58-N59), occ 0.43 

                   88.4% s          92.7% p                              46.2% N58 (99.8% p),  41.1% N58 (99.5% p),       

       53.7% N59 (99.7% p) 58.9% N59 (99.6% p)                                 
Figure S41: Selected NBO’s of compound 1. 
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Tin adduct 2: 

A comparable structure to germanium complex 1 is observed. NBO analysis shows a lone pair (NBO 68, 

occupancy 1.97) on the terminal N20 atom and a σ (NBO 120) and two π bond orbitals (NBO 121 and 

122) between N20 and N19. Between the central carbon atom C18 and N19 a single bond is present 

(NBO 118) while between C18 and the carbene carbon C4 a double bond is observable (NBO 87 and 

88). Between C18 and Sn21 a polarized sp(C-Sn) bond (84.5%/15.5%) with an occupancy of 1.79 is 

shown in NBO 119. The tin atom possesses a lone pair with 88.1% s character (NBO 69) and an empty 

p-type orbital (92.3%, NBO 159) with an occupancy of 0.37. 

Second order perturbation theory analysis shows donor acceptor interactions (DAI) between the π 

bond of C4 and C18 towards the antibonding π N19-N20 bond of DAI = 48.1 kcal mol-1 (NBO 88 → NBO 

205). Additional donor acceptor interaction into the second π N19 – N20 bond is observed from the 

C18-Sn21 bond (DAI = 32.1 kcal mol-1, NBO 119 → NBO 204).   

 

 

NBO 68                     NBO 120      NBO 121                NBO 122 

     LP (N20), occ. 1.97         σ(N19-N20), occ 1.99  π (N19-N20), occ 1.99                        π (N19-N20), occ 1.98   

sp0.52            55.2% N19 (sp1.22), 44.8% N20 (sp1.89)            59.1% N19 (99.3% p),                       54.2% N19 (99.9% p),    

40.9% N20 (99.6% p)         45.9% N20 (99.7% p) 

NBO 87                             NBO 88                   NBO 118                    NBO 119    

        σ(C4-C18), occ 1.96                     π(C4-C18), occ 1.67                     σ (C18-N19), occ 1.99                      σ(C18-Sn21), occ 1.81 

52.7% C4 (sp1.44), 47.3% C18 (sp1.45)           37.5% C4(99.9% p),      35.4% C18 (sp2.56),               84.5% C18 (sp2.19), 

  62.5% C6 (99.9% p)                      64.6% N19 (sp0.84)                         15.5% Sn21 (94.3% p)                                   

                        NBO 69                NBO 159               NBO 204                    NBO 205       

               LP Sn21, occ. 1.97       LV Sn21, occ. 0.37                     π (N19-N20), occ 0.20       π (N19-N20), occ 0.43 

                         88.1% s                               92.3% p                             40.9% N19 (99.3% p),                 45.9% N19 (99.9% p),                        

           59.1% N20 (99.6% p)                  54.2% N20 (99.6% p)                                              
Figure S42: Selected NBO’s of compound 2. 
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Germylene 3:  

 

NBO analysis shows a lone pair with high s character (NBO 81, occupancy 1.97) on the germanium 

atom Ge68 and an empty p-orbital (NBO 242). A single bond between Ge 68 and the neighbouring 

carbon atoms C 64 and C 67, polarized towards the carbon atoms (77.9%/22.1%) is present (NBO  161 

and 165) with an occupancy of 1.93. Between the backbone nitrogen atoms N65 and N65 a double 

bond (NBO 162 and 163) is observed, together with a single bond towards the respective connected 

carbon atom (N66 – C67, NBO 164 and N65 – C64, NBO 160). On both sides of the molecule a double 

bond is present between the carbene carbon atoms C34 and C69 and the core carbon atoms C64 and 

C67 (NBO’s 126 and 127; NBO’s 166 and 167) with the π bond being polarized towards the core 

(62.3%/37.7%). 

 

Second order perturbation theory analysis shows donor acceptor interaction (DAI) of the vinyl π bonds 

( C34 – C69;  C64 – C67) into the empty p orbital on the germanium atom of 13.3 kcal mol-1 and 13.6 

kcal mol-1 (NBO 127 → NBO 242; NBO 167 → NBO 242). Furthermore donation of the vinyl π bonds 

into the antibonding π* bond N65 – N66 is present with 29.2 kcal mol-1 each (NBO 127 → NBO 322; 

NBO 167 → NBO 322). In reverse, donation into the C-C π* orbitals ( C34 – C69;  C64 – C67) of 11.87 

and 11.69 kcal mol-1  from the N65 – N66 π bond is observed (NBO 163 → NBO 286; NBO 163 → NBO 

326).  

 
NBO 81                        NBO 242            NBO 161                NBO 165 

     LP (Ge68), occ. 1.97              LV (Ge68), occ. 0.48  σ(C64-Ge68), occ 1.94                       σ(C67-Ge68), occ 1.94                        

82.7% s                   99.7% p               77.9% C64 (sp1.65),                            77.9% C67 (sp1.67)    

22.1% Ge68 (90.5% p)        22.1% Ge68 (90.4% p) 

 
NBO 162                        NBO 163            NBO 160                NBO 164 

    σ(N65-N66), occ 1.99                         π(N65-N66), occ 1.91    σ(C64-N65), occ 1.98                       σ(C67-N66), occ 1.98                       

  sp2.29                   99.8% p               41.0% C64 (sp2.50),                            41.0% C67 (sp2.52)    

    59.0% N65 (sp1.92)          59.1% N66 (sp1.90) 
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NBO 126                        NBO 127            NBO 166                NBO 167 

    σ(C34-C64), occ 1.97                         π(C34-C64), occ 1.65                           σ(C67-C69), occ 1.97                       σ(C67-C69), occ 1.98                           

       53.4% C34 (sp1.31)              38.2% C34 (99.9% p)                           53.0% C69(sp1.31),               37.7% C69 (99.9% p)    

       46.6% C64 (sp1.96)              61.8% C64 (99.9% p)                        47.0% C67(sp1.94)                          62.3% C67(99.9% p) 

Figure S43: Selected NBO’s of compound 3. 

TD-DFT Calculations 

TD-DFT calculations show that 1 is expected to have only one very low intensity transition in the visible region at 

410 nm corresponding to the HOMO-LUMO transition. Similarly, 2 is also expected to have only one very low 

intensity transition in the visible region, at 411 nm, corresponding to the HOMO-LUMO transition. 

Figure S44: Simulated UV-Vis spectra of 1 at the regions of 200-800 nm (left) and 350-450 nm (right), 

based on TD-DFT calculations of the first 10 singlet excitations. The transition at 410 nm is shown as a 

vertical red line  

Figure S45: Simulated  UV-Vis spectra of 2 at the regions of 200-800 nm (left) and 350-450 nm (right), 

based on TD-DFT calculations of the first 10 singlet excitations. The transition at 411 nm is shown as a 

vertical red line. 
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The orange/ beige colour of 1 and 2 could additionally originate from the hard-to-separate impurities 

found in the reaction mixture, such as 1’ and 2’. While the GeCl3- and SnCl3- are not expected to have 

transitions in the visible region, the cation does have a transition at around 400 nm, which is also 

expected to be of higher intensity than that of 1 and 2.  

 

Figure S46: Simulated UV-Vis spectra of cation 1’ (or 2’) at the regions of 200-800 nm (left) and 350-

450 nm (right), based on TD-DFT calculations of the first 10 singlet excitations. The transition at 397 

nm is shown as a vertical red line. 

TD-TDF calculation of 3 were also carried out. 3 exhibits three transitions on the visible region - at 436 

and 406 nm with relatively high oscillator strengths, and at 409 nm with relatively low oscillator 

strength, corresponding to HOMO→LUMO, HOMO→LUMO+1 and HOMO-1→LUMO transitions 

respectively.  

Figure S47: Simulated UV-Vis spectra of 3 at the regions of 200-800 nm (left) and 350-450 nm (right), 

based on TD-DFT calculations of the first 10 singlet excitations. The transition at 436, 409 and 406 nm 

are shown as a vertical red lines. 
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1. Experimental details 

 

A) General Methods and Chemicals 

All manipulations were carried out under argon atmosphere using standard Schlenk or 

glovebox techniques and glassware was flame-dried before use. Unless otherwise stated  

all chemicals were purchased from Sigma-Aldrich or ABCR and used as received. All 

solvents were refluxed over sodium/benzophenone  distilled  and deoxygenated before 

use. 

 

Deuterated benzene (C6D6) was purchased from Sigma-Aldrich and stored over 3 Å 

molecular sieve. All NMR samples were prepared under argon in J. Young PTFE tubes. 1-

Adamantyl isocyanide was purchased from Sigma-Aldrich  dried in vacuum and stored 

under inert argon atmosphere. Silylene 1 and disilene 3 were synthesized according to 

literature procedures.[1]    

 

NMR spectra were recorded on Bruker AV-500C and AV-400 spectrometers at room 

temperature (298 K). 1H  13C  HMBC  29Si NMR  29Si-INEPT  and 29Si-HMBC spectroscopic 

chemical shifts δ are reported in ppm relative to tetramethylsilane. δ(1H) and δ(13C) were 

referenced internally to the residual solvent resonance of C6D6 (7.16 ppm). δ(29Si) was 

referenced to the signal of tetramethylsilane (TMS) (δ = 0 ppm) as an external standard.  

 

Liquid Injection Field Desorption Ionization Mass Spectroscopy (LIFDI-MS) was measured 

directly in an inert atmosphere glovebox with a Thermo Fisher Scientific Exactive Plus 

Orbitrap equipped with an ion source from Linden CMS. Melting points (m.p.) of 2 and 4 

were measured in sealed glass capillaries under argon atmosphere using a Büchi B-540 

melting point apparatus. UV-Vis spectra were recorded on Agilent Cary 60 UV-Vis 

spectrometer in hexane solution in a sealed UV-Vis kuvette at room temperature in a range 

between 200 and 800nm. Infrared (IR) spectra were recorded on a Perkin Elmer FT-IR 

spectrometer (diamond ATR  Spectrum Two) in the range of 400–4000 cm–1 at room 

temperature under an argon atmosphere. IR intensity bands are abbreviated as s = strong  

m = medium  and w = weak. 
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Synthesis of compound 2. 

 

A solution of 33.93 mg adamantyl isonitrile (0.21 mmol  2.00 eq) in 2 mL hexane was added dropwise 

to a stirring solution of 100 mg disilene 1 (0.11 mmol  1.00 eq) at room temperature. The mixture was 

allowed to stir for 4 h. After removal of the solvent isonitrile adduct 2 was obtained as an red solid in 

80% yield.  

 

1H-NMR (400 MHz  300 K  C6D6): δ [ppm] = 2.02 (d  3JH-H = 2.93 Hz  6 H  Ad-CH2)  1.86 (m  3 H  Ad-CH)  

1.43 (m  6 H  Ad-CH2)  1.37 (s  27 H  Si(tBu)3)  0.47 (s  27 H  Si(CH3)3).  

13C-NMR (100 MHz  300 K  C6D6): δ [ppm] = 200.05 (Si=C=N)  62.15 (Ad-Cquat)  42.82 (3 C  Ad-CH)  

36.09 (3C  Ad-CH2)  32.62 (SiC(CH3)3)  29.86 (3 C  Ad-CH2)   25.40 (SiC(CH3)3)  3.82 (Si(CH3)3). 

29Si-NMR (80 MHz  300 K  C6D6): δ [ppm] =36.01 (Si(tBu)3)  -7.79 (Si(TMS)3  -119.40 (Si(TMS)3)  -150.31 

(Si=C=N). 

IR (solid): 2923 (m)  2850 (m)  1835 (ṽ CN). 

UV-Vis: λmax = 383 nm (ε = 1735 Lmol-1cm-1) 

m.p.: 134 – 135°C 

LIFDI-MS: found 635.40 (C32H69NSi6)  calculated 635.40. 
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Figure S1: 1H-NMR spectrum of compound 2. 

 

Figure S2: 13C-NMR spectrum of compound 2 in C6D6. 
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Figure S3: 1H 13C - HMBC-NMR spectrum of compound 2 in C6D6. 

 

Figure S4: 29Si-NMR spectrum of compound 2 in C6D6. 
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Figure S5: 1H 29Si - HMBC-NMR spectrum of compound 2 in C6D6. 

 

Figure S6: IR spectrum (solid) of compound 2. 
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Figure S7: UV-Vis spectrum of compound 2 in hexane  c = 0 41 mM. 

 

Figure S8: LIFDI-MS spectrum of compound 2 in toluene.  
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Synthesis of Isonitrile Adduct 4 

 

A solution of 47.04 mg adamantyl isonitrile (0.29 mmol  2.00 eq) in 2 mL hexane were added dropwise 

to a stirring solution of 100 mg disilene 3 (0.15 mmol  1.00 eq) at room temperature. The mixture was 

allowed to stir for 16 h upon which the solution gradually turned from deep blue to orange. After 

removal of the solvent isonitrile adduct 4 was obtained as an orange solid in 75% yield. Crystals of 

compound 5 suitable for X-ray crystallographic measurement were grown from a concentrated solution 

of 4 in diethyl ether.  

1H-NMR (400 MHz  300 K  C6D6): δ [ppm] = 1.98 (d  3JH-H = 2.93 Hz  6 H  Ad-CH2)  1.88 (m  3 H  Ad-CH)  

1.44 (m  6 H  Ad-CH2)  1.25 (s  36 H  Si(tBu)2Me)  0.30 (s  6 H  Si(tBu)2Me).  

13C-NMR (100 MHz  300 K  C6D6): δ [ppm] = 212.12 (Si=C=N)  61.86 (Ad-Cquat)  43.48 (3 C  Ad-CH)  36.27 

(3C  Ad-CH2)  30.10 (3 C  Ad-CH2)  29.94 (SiC(CH3)2Me)   22.24 (SiC(CH3)2Me)  -4.71 (SiC(CH3)2Me). 

29Si-NMR (80 MHz  300 K  C6D6): δ [ppm] =22.20 (Si(tBu)2Me)  -141.92 (Si=C=N). 

IR (solid): 2906 (m)  2853 (m)  1843 (ṽ CN). 

UV-Vis: λmax = 354 nm (ε = 978 04 Lmol-1cm-1) 

m.p.: 149 -150 °C. 

LIFDI-MS: found 503.38 (C29H57NSi3)  calculated 503.38. 

 

Figure S9: 1H-NMR spectrum of compound 4 in C6D6. 
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Figure S10: 13C-NMR spectrum of compound 4 in C6D6. 

 

Figure S11: 1H -13C-HSQC spectrum of compound 4 in C6D6. 
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Figure S12: 29Si-NMR spectrum of compound 4 in C6D6. 

 

Figure S13: IR spectrum (solid) of compound 4. 
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Figure S14: UV-Vis spectrum of compound 4 in hexane  c = 0 52 mM. 

 

Figure S15: LIFDI-MS spectrum of compound 4 in toluene.  

 

 

 



 

149 
 

2. Single Crystal X-ray structure determination 
 

Single crystal diffraction data were recorded on a Bruker instrument equipped with a Helios optic 

monochromator  a Mo IMS microsource (λ = 0.71073 Å) or a TXS rotating anode with Photon area 

detectors. The data collection was performed using the APEX III software package5 on single crystals 

coated with Fomblin®Y as perfluorinated ether. The single crystals were picked on a MiTiGen 

MicroMount microsampler  transferred to the diffractometer and measured frozen under a stream of 

cold nitrogen (100 K). A matrix scan was used to determine the initial lattice parameters. Reflections 

were merged and corrected for Lorenz and polarization effects  scan speed  and background using 

SAINT.6 Absorption corrections  including odd and even ordered spherical harmonics were performed 

using SADABS.6 Space group assignments were based upon systematic absences  E statistics  and 

successful refinement of the structures. Structures were solved by direct methods with the aid of 

successive difference Fourier maps and were refined against all data using the APEX III software in 

conjunction with SHELXL-20147 and SHELXLE9 or Olex2 software.9 H atoms were placed in calculated 

positions and refined using a riding model  with methylene and aromatic C–H distances of 0.99 and 

0.95 Å  respectively  and Uiso(H) = 1.2·Ueq(C). Non-hydrogen atoms were refined with anisotropic 

displacement parameters. Full-matrix least-squares refinements were carried out by minimizing 

Σw(Fo2-Fc2)2 with the SHELXL-97 weighting scheme.9 Neutral atom scattering factors for all atoms and 

anomalous dispersion corrections for the non-hydrogen atoms were taken from International Tables 

for Crystallography.10 The images of the crystal structures were generated by Mercury.11  

 

Figure Sx: SC-XRD structure of silyl cyanide 5. Ellipsoids set at 50% probability. H atoms are omitted for 

clarity. Selected bond lengths [Å] and angles [°]: Si1 – C1: 1.8956(16)  Si1-C2: 1.9469(14)  Si1-Si2: 

2.4837(8)  Si1-Si3: 2.4658(6)  Si2-Si1-Si3: 112.73(2)  C1-Si1-C2: 97.49(6).  
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10.4 Licenses 

License for chapter 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

152 
 

License for Chapter 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


